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Preface 


These  proceedings  are  the  refereed  papers  presented  at  the  symposium  on  "Diagnostic 
Techniques  for  Semiconductor  Materials  Processing"  that  was  held  as  part  of  the  1993  Fall 
Meeting  of  the  Materials  Research  Society  in  Boston.  MA.  The  symposium  focused  on 
various  aspects  of  process  diagnostics  an  device  processing.  Diagnostic  techniques  which 
were  considered  fell  into  two  classes:  invasive  and  non  invasive.  Optical  characterization 
techniques  were  the  most  widely  applied  characterization  tools  used  in  both  materials  and 
process  monitoring.  Techniques  such  as  reflectance  difference,  ellipsometry,  reflectance, 
absorption,  light  scattering,  photoreflectance,  Raman  scattering  and  thermal  wave  modulated 
reflectance  were  shown  to  be  powerful  probes  of  various  materials  properties.  The  materials 
properties  that  were  probed  included  surface  stoichiometry  and  morphology,  etch  damage, 
Fermi  level  pinning  position  and  thin  film  propenies  such  as  thickness,  alloy  content,  and 
interfacial  roughness.  Real  time  diagnostics  such  as  ellipsometry  and  reflectance  difference 
were  shown  to  be  sensitive  tools  of  materials  properties  during  processing.  These 
techniques  show  promise  of  sophisticated  feedback  control  of  mateiials  growth.  In  the  area 
of  process  diagnostics  many  techniques  such  as  Langmuir  probe,  optical  emission,  mass 
spectrometry,  IR  reflection  and  absorption  were  shown  to  be  powerful  tools  of  various 
process  parameters  including  reactive  species  concentrations,  reaction  products,  and  residual 
gases  in  chamber. 

The  symposium  brought  together  participants  from  academic,  industry,  and  government 
laboratories.  There  is  great  interest  in  the  development  of  diagnostic  techniques  for  device 
fabrication.  The  application  of  diagnostic  tools  utilized  in  research  to  manufacturing 
environments  was  an  underlying  theme  in  the  papers  presented.  As  the  research  interest  in 
this  area  grows,  further  and  more  exciting  developments  are  expected  in  integrating 
processing  and  process  diagnostics.  The  quality  of  the  papers  presented  and  the  interest  and 
discussions  that  were  simulated  indicated  that  process  diagnostics  will  continue  to  be  an 
active  research  and  development  area  for  semiconductor  processing. 
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REAL-TIME  SURFACE  AND  NEAR-SURFACE  OPTICAL  DIAGNOSTICS 
FOR  EPITAXIAL  GROWTH 


D.  E.  ASPNES 

Department  of  Physics.  NCSU,  Raleigh,  NC  27695-8102  USA 
ABSTRACT 

Various  optical  diagnostics  aie  being  developed  to  meet  new  challenges  in  semiconductor 
epitaxy.  New  data-analysis  algorithms  allow  near-surface  alloy  compositions  and  interface  pro¬ 
perties  to  be  obtained  by  kinetic  ellipsometiy  (KE)  without  any  knowledge  of  the  underlying 
sample  structure.  New  information  about  growth  is  being  obtained  by  surface-oriented  probes 
such  as  laser  light  scattering  (LLS),  surface  photoabsorption  (SPA),  and  reflectance-difference 
(-anisotropy)  spectroscopy  (RDS/RAS).  Examples  are  provided  and  likely  directions  of  further 
progress  discussed. 

OVERVIEW 

The  technology  of  epitaxial  growth  is  facing  increasingly  difficult  challenges.  New 
materials  such  as  wide  bandgap  semiconductcMs  and  epitaxial  metals,  more  complex  device 
structures  such  as  vertical  cavity  surface-emitting  lasers,  increasingly  stringent  tolerances  on 
layer  compositions  and  thicknesses,  emphasis  on  selective-area  epitaxies  for  growing  quantum 
structures,  the  general  trend  away  from  simple  physical  to  complex  chemical  deposition 
methods,  and  the  need  to  maintain  satisfactory  yields  despite  increasing  economic  pressures  are 
relentlessly  moving  the  field  toward  obtaining  accurate  information  about  the  sample  during 
growth.  While  the  ultimate  goal  is  closed-loop  feedback  control,  the  more  modest  and  currently 
achievable  target  of  real-time  monitoring  will  already  allow  conditions  to  be  modified  on-line  to 
meet  composition  and  thickness  specificatiems,  and  will  provide  records  by  which  causes  of 
downstream  failures  of  complex  devices  can  be  identified  and  eliminated. 

To  meet  these  challenges  attention  is  being  directed  toward  epioptics,  the  optical  study  of 
surfaces  and  near-surface  regions,  to  use  a  term  recently  proposed  by  McGilp.'  Near  IR — 
visible — near  UV  surface-diagnostic  techniques  now  in  relatively  common  use  include  laser 
light  scattering  (LLS),^'^  second-harmonic  generation  (SHG)^  and  its  generalization,  sum- 
frequency  generation.®  IR  absorption  spectroscc^  (IRAS),^  surface  differential  reflectance 
(SDR)  in  its  normal  incidence*  and  p-polarized  Brewster-angle  (surface  photoabsorptiem 
(SPA))^’’"'^  forms,  the  ellipsometric  equivalent  of  SDR,'^  and  reflectance-difference 
(reflectance-anisotropy)  spectroscopy  (RDS/RAS).**'^® 

These  approaches  achieve  surface  senmtivity,  and  in  some  cases  specificity,  by  using 
spectral  dependence  to  identify  or  syrrunetry  to  enhance  the  surface  contributions  to  the  overall 
optical  signal.  In  LLS  the  measured  property  is  the  diffusive  scattering  that  occurs  if  the  surface 
becomes  rough.  SHG  deals  with  second-harmonic  light  that  is  generated  when  an  intense  pho¬ 
ton  beam  interacts  with  the  sample.  In  RDS  the  measured  property  is  the  sample  anisotropy. 
SHG  and  RDS  are  surface  specific  because  the  surface  has  a  different  symmetry  from  that  of  the 
bulk.  IRAS  achieves  surface  specificity  because  IRAS  data  are  obtained  in  spectral  regions 
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where  the  substrate  is  transparent.  Both  SDR  and  SPA  deal  quantitatively  with  the  changes  that 
occur  in  reflectance  when  surface  conditions  are  changed,  although  SPA  achieves  higher  sensi¬ 
tivity  through  the  use  of  p-polarized  light  at  pseudo-Brewster  incidence.  SHG,  RDS,  and  IRAS 
are  true  surface  spectroscopies  because  they  can  obtain  infoimation  about  surfaces  under 
steady-state  conditions,  although  most  early  and  much  recent  RDS  data  were  obtained  in  the 
SDR  mode.  The  current  sensitivities  of  SDR,  SPA,  and  RDS  are  now  significantly  better  than 
0.01  monolayer  (ML).  Although  not  an  epical  probe  in  the  usual  sense.  X-ray  diffraction  is 
now  providing  real-time  information  from  another  perspective.^^ 

While  surface  information  is  necessary  for  understanding  basic  mechanisms,  the  impor¬ 
tant  parameters  for  control  purposes  are  actually  bulk  properties,  specifically  layer  thickness 
and  composition.  Because  neither  is  directly  related  to  surface  conditions,  these  quantities  must 
be  determined  by  bulk-oriented  probes  such  as  spectroreflectometry  (SR)^^  and  spectroellip- 
sometry  which  return  information  integrated  over  the  penetration  depth  of  light.  SR 

determines  the  scalar  reflectances  R*  ■  | rj  | ^,  Rp  »  | rp  |  ^,  or  R  -  |  r„  |  ^,  where  rj,  rp,  and  rn  arc 
the  complex  reflectances  for  s-polarized,  p-polarized,  and  normally  incident  light,  respectively. 
SE  determines  the  complex  reflectance  ratio  p  ■  tp/t^.  This  is  often  expressed  as  a  pseudo¬ 
dielectric  function  <e>  =  <£i>  +  i<e2>,  which  is  defined  as  the  dielectric  function  of  the 
hypothetical  uniform  substrate  that  would  give  the  observed  value  of  p.  Although  both 
reflectometry  and  ellipsometry  requite  optical  access  to  the  sample,  problems  concerning  win¬ 
dow  deposits  and  strain  can  be  eliminated  with  proper  design.^ 

Reflectometry  has  tong  been  used  by  the  optical-coatings  industry  for  real-time  charac¬ 
terization  of  thicknesses  and  average  compositions  of  depositing  films. However,  much  of 
semiconductor  technology  is  based  on  samples  consisting  of  many  layers  some  of  which  may  be 
only  a  few  A  thick  and  some  of  which  may  have  graded  compositions.  For  these  systems  nei¬ 
ther  reflectometry  nor  Fresnel  analysis  is  adequate.  Ellipsometry  and  minimal-data  analysis 
approaches  must  be  used. 

hfinimal-data  or  virtual-interface  (VI)  algorithms  are  a  new  development  that  has 
significantly  advanced  analytic  capabilities  by  providing  a  means  of  determining  near-surface 
properties  of  depositing  materials  from  optical  data  without  any  knowledge  whatever  of  the 
underlying  sample  structure.^^'  This  eliminates  the  two  major  weaknesses  of  Fresnel  analysis, 
error  pre^gation  and  instability.  The  implications  are  substantial,  because  it  is  now  possible  to 
analyze  arbitrarily  thin  layers,  which  is  precisely  what  is  needed  for  closed-loop  feedback  con¬ 
trol.  As  an  example  of  the  power  of  this  approach,  the  Bellcore  group  used  VI  analysis  of  KE 
data  to  grow  Al^Gai-^iAs  quantum  structures  with  continuously  graded  compositions  where  the 
composition  x  was  regulated  to  within  several  percent  by  analysis  of  the  running  outermost  3  A 
of  depositing  material.^ 

The  epioptics  field  is  expanding  so  rapidly  that  a  complete  summary  is  not  available, 
although  more  comprehensive  reviews  have  been  written.^  To  provide  a  perspective  for 
further  discussion  I  divide  the  parameters  associated  with  epitaxy  into  three  categories:  pri¬ 
mary,  secondary,  and  tertiary.  The  primary  pre^rties  are  layer  thickness  and  composition, 
especially  near-surface  composition,  because  if  these  carmot  be  grown  to  specification  there  is 
no  point  in  continuing.  Secondary  properties  are  sample  characteristics  that  are  determined  by 
surface  conditions,  such  as  doping  levels,  interface  widths,  and  spontaneous  bulk  ordering  of 
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alloys.  Tettiaiy  propeities  are  those  associated  with  the  growth  environment  itself,  such  as  sam¬ 
ple  temperature,  chamber  pressure,  types  and  fluences  of  reactants,  etc.  Although  tertiary 
parameters  have  received  the  most  attentirm,  the  nonlinearity  of  chemical  |»x)cesses,  the 
extreme  example  of  which  b  atomic  layer  epitaxy  (ALE),^  ensures  that  growth  control  would 
not  be  a  solved  problem  even  if  all  tertiary  parameters  were  known  exactly.  This  will  become 
even  more  relevant  when  nonlinearities  are  exploited  specifically,  for  example  using  ALE  to 
achieve  uniformity  over  multiple  wafers  in  a  production  reactor.  Also,  when  thickness  and 
composition  are  controlled  directly  small  drifts  in  growth  conditions  can  be  compettsated  as 
they  occur.  Accordingly,  primary  and  secondary  properties  are  the  appropriate  focus  here. 

INTERFACES;  NEAR-SURFACE  COMPOSITION 

Because  the  determining  the  thickness  and  composition  of  evolving  layers  from  kinetic 
data  is  a  different  problem  from  that  of  determining  layer  thicknesses  and  compositions  of  fabri¬ 
cated  samples,  it  is  not  surprising  that  alternative  analytic  approaches  exist.  VI  analysis 
represents  an  interesting  case,  because  the  determination  of  the  properties  of  an  outer  layer 
independent  of  any  knowledge  of  underlying  structure  seems  to  defy  conventional  wisdom. 

The  essentials  of  VI  analysis  can  be  understood  with  the  help  of  Fig.  1,  which  shows  a 
theoretical  <e>  trajectory  for  the  sequential  deposition  of  ItiAs  and  InP  on  an  InP  substrate  that 
already  contains  a  buried  dielectric  disctmtinuity  from  a  |»eviously  deposited  IrtAs  layer.  The 
trajectory  consists  of  a  piecewise  combiruttion  of  approximately  exponential  spirals  each  of 
which  would  converge  on  the  dielectric  function  to  of  the  overlayer  if  deposition  were  to  con¬ 
tinue  until  the  film  was  optically  thick.  If  the  dielectric  responses  of  the  materials  involved  are 
not  too  different,  any  given  <e>  spiral  can  be  is  defined  to  good  accuracy  by  any  point  on  it  and 
its  focus.  (For  r^  and  tp,  spirals  are  exactly  definable  in  this  way  with  no  restrictions  on  the 
dielectric  responses.)  Consequently,  if  the  identity  of  the  depositing  material  is  known  informa¬ 
tion  about  deeper  layers  is  not  needed.  In  the  application  indicated  in  Fig.  1,  the  thickness  of 
the  buried  InAs  layer  can  be  determined  by  the  offeet  between  the  two  spirals  formed  by  deposi¬ 
tion  of  InP.  This  approach  has  been  used  recently  to  quantitatively  analyze  the  amount  of  As 
exchanged  with  P  on  (001)  InP  upon  exposure  to  As.^^ 

The  method  by  which  (and  therefore  composition)  of  the  outermost  layer  can  be  deter¬ 
mined  by  VI  analysis  is  more  subtle,  but  can  be  understood  by  recognizing  that  at  any  given 
wavelength  the  substrate  can  communicate  with  the  surface  through  only  the  transmitted  and 
back-reflected  modes.  In  a  reflectance  or  ellipsometric  measurement  where  only  ratios  are 
important,  this  means  that  for  any  wavelength  the  entire  history  of  the  sample  is  summarized  in 
a  single  complex  parameter,  which  can  be  viewed  as  the  reflectance  tv  of  a  virtual  interface  v 
within  the  material.  If  the  deposition  rate  is  known,  Eq  and  Ty  can  both  be  determined  exactly 
from  r,  or  Tp  if  either  ate  known  at  the  start  and  finish  of  layer  deposition.^^  In  the  limit  of  zero 
thickness,  or  more  generally  for  data  acquired  continuously  during  deposition,  this  condition 
reduces  to  a  knowledge  of  the  value  and  thickness  derivative  of  r*  or  Tp.  For  p  or  <e>  the 
analysis  is  not  exact,  since  r,  and  tp  generally  involve  different  values  of  ty.  However,  if  one 
assumes  that  the  values  of  ry  for  both  r,  and  rp  arise  from  the  same  virtual  substrate,  an  apfnoxi- 
mate  analytic  solution  can  be  obtained.^^  For  epitaxy  the  virtual  substrate  approximation 
(VSA)  is  accurate  to  better  than  0.1  %. 
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Fig.  1.  Calculated  <e>  trajectory  for  sequential  deposition  of  InAs  and  InP  on  an  InP  substrate 
containing  a  buried  dielectric  discontinuity. 

Fig.  2.  Compositional  data  for  a  200-A-wide  parabolic  quantum  well  grown  by  closed-loop 
feedback  control.  Top:  data  and  target  values;  middle;  diflerence;  bottom:  control  voltage 
(after  ref.  30). 

The  VI  method  is  structurally  quite  different  from  the  Fresnel  approach,  which  makes  use 
of  only  the  most  recent  values  of  r,,  tp,  or  p  together  with  sample  properties  determined  finn 
previous  iterations.  The  weakness  of  Fresnel  analysis  is  its  feed-forward  character,  or  use  of 
previously  established  sample  parameters,  which  makes  it  extremely  sensitive  to  cumulative 
error. 

An  example  of  an  application  of  VI  analysis  is  given  in  Fig.  2,  which  shows  real-time 
data  pertaining  to  the  growth  of  a  200-A-wide  AlxCaj-^As  parabolic  quantum  well  where  the 
compositions  shown  at  the  top  were  determined  from  a  VSA  analysis  of  <e>  data  acquired  at 
0.6S  s  intervals.^  The  target  compositicm  is  the  solid  curve.  Discrepancies  relative  to  target 
values,  shown  in  the  middle,  were  corrected  automatically  1^  having  the  computer  adjust  the 
flow  of  the  Al-containing  species,  triisobutyl  aluminum  (TIBAl),  to  the  growth  surface.  The 
control  voltage  is  shown  at  the  bottom.  The  results  ate  noteworthy  not  only  because  they  are 
the  first  (and  so  far  only)  example  of  closed-loop  feedback  control  of  epitaxy,  but  also  because 
X  was  determined  by  analysis  of  the  running  outermost  3  A  of  depositing  material.^ 

More  generally,  if  the  VSA  is  valid  but  neither  composition  nor  deposition  rate  are 
known,  five  parameters  must  be  determined.  This  requires  the  second  derivative  (curvature)  to 
be  establidied  as  well,  which  usually  requires  measurements  over  strnie  10s  of  A.  In  fact, 
without  knocking  the  convergence  point  of  a  ^iral  h  is  not  possible  to  determine  its  scale  and 
therefore  Eq,  because  the  magnitude  of  the  first  derivative  is  needed  in  the  VI  calculation.  If  the 
VSA  is  not  valid  then  all  7  parameters  must  be  determined  by  curve  fitting,  as  has  also  recently 
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been  noted  by  Urban  and  Tabet/' 
m.  SURFACE  ANALYSIS 

The  development  of  all  optical  surface-analysis  probes  has  taken  a  common  path,  which 
begins  with  kinetic  studies  at  a  single  wavelength,  progresses  to  spectral  kinetic  measurements, 
then  (if  the  technique  permits)  advances  to  detailed  spectral  analyses  of  surfaces  under  steady- 
state  conditions.  LLS  is  in  stage  1,  SPA  is  now  moving  into  stage  2,  and  RDS/RAS  is  in  stage  3. 
As  the  sensitivity  of  SHG  and  Raman  scattering  is  still  improving  and  samples  at  growth  tem¬ 
perature  are  not  sufficiently  transparent  to  allow  conventional  multiple-intemal-re  flection 
IRAS,  I  discuss  only  the  first  three. 

A.  LLS 

While  LLS  has  long  been  used  as  a  means  of  visually  assessing  surface  morphology  dur¬ 
ing  molecular  beam  epitaxy  (MBE)  growth,  recent  applications  are  mote  quantitative.  Pidduck 
et  al.  used  LLS  to  investigate  step  flow  in  Si  C^VD.^  Horikoshi  et  al.  used  LLS  to  detect  the 
onset  of  Ga  droplet  formation  in  GaAs  homoepitaxy,  thereby  identifying  when  saturation  cover¬ 
age  had  been  achieved.^ 

Celii  et  al.  recently  used  LLS  to  determine  the  critical  thickness  of  InxGa|-,As  layers 
grown  on  GaAs,  taking  advantage  of  the  connection  between  surface  roughness  and  misfit 
dislocations.^  The  Celii  et  al.  data  are  shown  in  Fig.  3.  The  sample  consisted  of  a  superlattice 
of  4d  A  layers  of  Ino.i«Gaa  g4  interleaved  with  170  A  thick  layers  of  GaAs  on  a  GaAs  substrate. 
Growth  proceeded  pseudomorphically  up  to  the  sixth  layer,  when  the  surface  began  to  roughen 
as  shown  by  the  increase  of  scattered  light.  Roughness  continued  to  increase  during  subsequent 
growth.  TEM  micrographs  showed  that  the  associated  dislocations  were  forming  ridges  8-10  A 
high  in  the  (110)  direction.  A  similar  anisotropy  in  the  relaxation  of  InP  films  deposited  on 
GaAs  on  Si  was  studied  by  Acher  et  al.  using  RDS.** 

B.  SPA 

Another  experimentally  simple  approach  that  has  seen  widespread  application  is  SPA. 
Most  work  has  involved  single-wavelength  kinetic  studies,  but  spectral  data  has  recently  been 
reported.' '  Not  surprisingly,  spectral  information  increases  diagnostic  power  substantially. 

A  kinetics  application  illustrating  control  possibilities  for  ALE  is  shown  in  Fig.  4.'®  This 
figure  shows  the  SPA  response  of  an  AsH3-saturated  (OOi)  GaAs  surface  that  is  exposed  to 
trimethylgallium  (TMG)  at  different  temperatures  during  OMCVD  at  approximately  4-6  kPa 
pressure.  The  470  °C  data  exhibit  a  well-defined  plateau,  indicating  self-limiting  growth. 
Differences  of  substrate  temperatures  of  only  20  °C  are  difficult  to  measure  on  an  absolute  scale 
but  are  clearly  seen  here.  This  allows  ALE  conditions  to  be  established  precisely.  Kobayashi  et 
al.  also  demonstrated  a  correlation  between  the  change  in  SPA  signal  during  H2  purging  and  the 
sheet  hole  density,  showing  a  connection  between  surface  conditions  and  dopant  incorporation. 
This  was  interpreted  as  being  due  to  attached  methyl  groups.'® 
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Fig.  3.  LSS  data  for  the  Ino.i6Gao.g4As  superiattice  shown  in  the  inset.  Misfit  dislocations  gen¬ 
erated  when  the  critical  thickness  is  reached  at  the  onset  of  the  sixth  InGaAs  layer  cause 
increased  scattering  (after  ref.  4). 

Fig.  4.  SPA  data  obtained  by  exposing  an  AsHj-stabilized  ((X)l)  GaAs  surface  to  TMG  during 
OMCVD  at  several  substrate  temperatures  as  indicated  (after  ref.  10). 


An  example  of  an  SPA  application  involving  spectral  measurements  is  given  in  Fig.  5.*^ 
These  data  were  obtained  by  exposing  a  AsHj-stabilized  (100)  GaAs  substrate  in  an  OMCVD 
growth  environment  to  GaCl  and  triethyigallium  (TEG).  The  TEG  was  used  to  generate  a  refer¬ 
ence  spectrum  for  a  Ga-terminated  surface.  Because  the  GaCl-exposed  surface  exhibits  essen¬ 
tially  the  same  spectral  response  for  both  (Oil)  (shown)  and  (011)  orientations  of  the  plane  of 
incidence,  the  data  indicate  that  the  GaCl-  and  TEG-exposed  surfaces  are  equivalent,  possibly 
even  identical,  and  that  the  GaCl-exposed  surface  is  also  terminated  with  Ga. 

C.  RDS/RAS 

RDS/RAS  is  now  an  established  technique  for  obtaining  information  about  the  electronic 
structure  of  growth  surfaces  and  kinetic  information  concerning  surface-reactant  interactions. 
Because  RDS  can  analyze  surfaces  under  steady-state  conditions  it  avoids  the  "which-surface" 
ambiguity  inherent  in  methods  such  as  SPA  that  cam  pm;u  acquire  data  by  moefifying  the  sur¬ 
face.  Recent  attention  has  focused  on  the  optical  equivalent  of  RHEED  oscillations,'^’^'  exten¬ 
sion  to  phosphicfe-containing  species, application  to  interfaces  such  as  Si-SiOi,^^  improve¬ 
ment  of  theoretical  treatments,^^^^  and  the  determination  of  mechanisms  of  ALE  growth.'* 

The  most  thoroughly  investigated  surface  to  date  is  (001)  GaAs,  which  was  studied  under 
a  wide  range  of  conditions  by  Kamiya  et  al.'^'^  Using  RD  data  taken  on  surfaces  prepared  by 
MBEand  independently  characterized  by  RHEED,  Kamiya  et  al.  demonstrated  that  (001)  GaAs 
surfaces  in  UHV  and  in  atmospheric  pressure  (AP)  H2  were  virtually  identical,  and  identified 
reconstructions  that  occur  on  (001)  GaAs  surfaces  under  OMCVD  growth  conditions.  The 
UHV  —  AP  H2  comparison  data  are  shown  in  Fig.  6.'*  The  striking  similarity  shows  that  the 
surfaces  are  very  similar,  possibly  identical,  in  the  two  envirorunents.  Theoretical  calculations 
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Fig.  5.  SPA  spectra  obtained  by  exposing  an  AsH3-stabiIized  (100)  GaAs  surface  to  GaCt  and 
TEG  during  OMCVD  (after  ref,  12). 

Fig.  6.  RD  spectra  for  (001)  GaAs  surfaces  prepared  in  UHV  by  MBE  (dashed  curves)  and  in 
AP  H2  by  OMCVD  (solid  lines)  (after  ref  16). 


identified  the  structures  near  1.9  and  2.6  eV  with  transitions  involving  Ga-Ga  and  As- As  surface 
dimers,  respectively,  so  these  features  can  be  used  to  track  the  relative  surface  concentrations  of 
these  surface  species.'*^  The  OMCVD  region  of  the  As-pressure/sample  temperature  phase 
diagram  was  found  to  be  an  extension  of  the  MBE  region,  providing  further  evidence  of  the 
essential  similarity  of  (001)  GaAs  in  the  two  environments  and  also  showing  that  under  typical 
OMCVD  growth  conditions  the  (001)  GaAs  surface  is  c(4x4)-]ikc,  that  is,  terminated  by  2  outer 
layers  of  As  instead  1  as  in  MBE  The  work  also  showed  that  these  higher  As  coverages  were  a 
consequence  of  the  vastly  higher  As  partial  pressures  encountered  in  OMCVD,  which  at  any 
given  temperature  push  the  equilibrium  point  to  higher  As  coverages.  Recent  data  obtained 
during  growth  have  confirmed  these  conclusions.^^^^ 

Another  process  of  considerable  current  interest  is  ALE.  The  absence  of  real-time  data 
has  produced  many  models  but  no  clear  consensus  concerning  basic  mechanisms.  To  investi¬ 
gate  this  process,  the  Bellcore  group  took  advantage  of  the  cyclic  nature  of  the  process  to  syn¬ 
thesize  RD  spectra  at  150  ms  intervals  over  a  40  s  cycle  consisting  of  a  10  s  exposure  to  ASH3 
in  H2,  a  4  s  exposure  to  H2,  a  7  s  exposure  to  TMG  in  H2,  and  a  19  s  exposure  to  H2.’*  The 
data,  shown  in  Fig.  7,  reveal  that  ASH3  exposure  produces  as  expected  a  c(4x4)  reconstruction 
(spectra  3  and  36),  and  that  this  termination  is  hardly  perturbed  by  initial  exposure  to  TMG 
(spectrum  39).  This  observation  alone  eliminates  essentially  all  previous  models  of  ALE,  which 
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view  the  process  as  one  where  the  (001)  GaAs  surface  switches  between  single- layer  coverages 
of  As  and  Ga  with  the  latter  possibly  terminated  by  methyl  radicab.  Ccmtinuing  TMG  exposure 
produces  a  change  that  is  nearly  linear  in  time,  consistent  with  an  excluded-volume  mechanism. 
However,  although  spectrum  81  at  the  end  of  the  TMG  phase  is  similar  that  of  the  (2x4)  recon¬ 
struction  of  Fig.  6,  its  details  do  not  correspond  to  any  reconstruction  previously  observed.  One 
possibility  is  that  the  surface  is  terminated  by  methyl  radical.  Another  is  that  TMG  forces  a 
reconstruction  that  is  metastable  and  carmot  be  reached  without  the  presence  of  TMG.  Further 
work  is  needed  to  resolve  the  issue. 
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Fig.  7.  RD  spectra  of  (001)  GaAs  at  different  times  during  an  ALE  cycle.  ASH3  flow  was  ter¬ 
minated  at  spectrum  36.  TMG  was  initiated  at  spectrum  39  and  terminated  at  spectrum  81. 
ASH3  flow  was  resumed  at  spectrum  206  (after  ref.  18). 

Fig.  8.  RD  oscillations  observed  during  OMCVD  growth  on  (001)  GaAs  at  H2  and  ASH3  pres¬ 
sures  of  100  mbar  and  70  Pa,  respectively,  and  a  sample  temperature  of  502  °C.  TMG  pressures 
are  as  indicated  (after  ref.  21). 


Probably  the  most  interesting  recent  development  is  the  systematic  observation  of  rela¬ 
tively  large  oscillations  during  OMCVD  that  correspond  to  oscillations  seen  with  RHEED  in 
MBE.^^  An  example  is  given  in  Fig.  8.^*  Conditions  that  maximize  this  effect  have  now  been 
established  for  both  low'^  and  high^'  reactor  pressures.  The  oscillations  shown  in  Fig.  8  were 
obtained  at  the  photon  energy  of  2.6S  eV,  at  which  the  contribution  of  surface  As  dimers  is  a 
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maximum.  As  in  RHEED,  each  oscillaticm  accurately  repKsents  growth  of  1  ML  of  material. 
The  mechanism  giving  rise  to  these  oscillations  is  not  understood,  although  it  is  clearly  a 
cooperative  phenomenon  involving  oscillating  As-As  surface  coverage  probably  between  par¬ 
tial  single  and  double  layers.  Similar  oscillations  have  been  observed  with  tertiarybutylarsine 
(TBAs).^*  Deppert  et  al.  have  used  these  oscillations  to  measure  growth-rate  nonlinearities  at 
the  onset  of  grovrth  by  low  pressure  OMCVD.*’ 

In  recent  artalytic  work,  Hingerl  et  al.  derived  relations  for  connecting  measured  SPA 
anisotropies  to  RD  spectra,  allowing  RD  databases  to  be  used  in  the  interpretation  of  SPA 
results.'*^  These  results  open  the  possibility  of  more  detailed  analyses  through  a  combination  of 
SPA  and  RDS. 

Although  not  pertaining  directly  to  epitaxial  growth,  Wormeester  et  al.  recently  used 
ellipsometty  to  determine  the  RD  response  of  surface  states  on  ti  ;  (2x1)  reconstruction  of  (001) 
Ge.^*’  Work  on  (001  surfaces  of  Si  and  Ge  is  important  because  results  involving  simpler 
materials  may  stimulate  further  theoretical  analysis  of  surface  induced  optical  anisotropy 
effects.  Because  optical  anisotropies  are  so  small,  their  accurate  calculation  represents  a  for¬ 
midable  theoretical  challenge.^^~^  However,  Morris  and  Matthai  have  recently  used  an  ab  ini¬ 
tio  pseudopotential  approach  to  obtain  the  first  accurate  calculation  of  an  RD  spectrum  of  a 
reconstruction  on  ((X)l)  GaAs,  specifically  the  (2x4).^^ 

TV.  FUTURE  DIRECTIONS 

Real-time  optical  characterization  will  clearly  become  increasingly  important  not  only  as 
a  result  of  further  refinements  but  also  with  respect  to  applications  to  new  materials  systems. 
Rapid  data  acquisition  will  be  required  for  controlling  growth  of  multinary  systems.  Parallel 
and  serial  versions  of  rapid-scan  ellipsometers  have  been  developed  and  their  capabilities 
explored  by  Collins  et  al.^’’^*  and  Duncan  et  al.^^  The  use  of  optical  multichannel  detection 
with  SPA  and  RDS  will  allow  surface  reconstructions  in  OMCVD  to  be  assessed  at  a  glance,  as 
is  now  done  with  RHEED  in  MBE.  Since  VI  analysis  is  exact,  it  has  made  the  development  of 
normal-incidence  complex  reflectometry  as  an  alternative  to  SE  for  the  real-time  analysis  of 
very  thin  films  much  more  attractive.  Although  the  technological  obstacles  are  formidable,  an 
added  advantage  is  that  most  deposition  stations  already  provide  normal -incidence  optical 
access  to  the  sample. 

Growth  chambers  must  also  evolve  to  meet  the  specific  needs  of  optical  measurements. 
Requirements  not  only  include  optical  access  to  the  sample  through  transparent,  strain-free,  and 
deposition-free  windows,  but  also  the  development  of  runout-corrected  and  vibration-free  sam¬ 
ple  mounts  and  manipulators  as  recently  discussed  by  Maracas  et  al.^  Although  samples  are 
ofien  rotated  for  uniformity  during  growth,  this  may  prove  to  be  an  advantage  because  ellip- 
sometric  data  obtained  with  rotating  samples  will  contain  an  RD-like  component  that  can  be 
analyzed  for  surface  coverages  using  standard  RD  databases.^ 

The  near-term  future  should  also  see  substantial  advances  in  capabilities  and  applications 
of  SHG,  SFG,  IRAS,  and  Raman  scattering.  To  achieve  a  detailed  understanding  of  growth 
mechanisms  these  approaches  must  be  developed,  because  the  analytic  capability  of  visible- 
near  UV  linear  optical  techniques  to  determine  surface  chemistry  is  limited.  However, 
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nonlinear  and  IR  interactions  with  surface  species  are  weak,  making  this  a  genuine  challenge, 
but  new  high  intensity  sources  such  as  fiee-election  lasers  may  make  such  measurements  feasi¬ 
ble.  Approaches  dealing  with  lateral  inhomogeneity  by  the  use  of  small  spot  sizes,^^  imaging,^^ 
or  direct  analysis^  also  need  to  be  developed  to  deal  with  the  increasingly  important 
phenomenon  of  selective-area  epitaxy. 
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Abstract 

We  briefly  review  the  optics  of  ellipsometry,  followed  by  discussions  of  a  series  of 
example  applications  of  the  technique  including  single  Aims  on  a  substrate,  multilayer 
stacks  common  to  silicon  integrated  circuit  fidirication;  flat  panel  display  materials,  and  in 
situ  semiconductor  growth  and  deposition  control. 

Ellipsometric  Fundamentals 

There  are  several  common  optical  configurations  for  ellipsometers,  including  use 
of  retardation  modulators,  and  rotating  polarizers.  ^  The  confiwration  shown  in  Figure  1 
has  a  fixed  polarizer,  sample,  and  rotating  polarizer  (analyzer).^>3  A  monochromatic, 
linearly  polarized,  collimated  light  beam  is  incident  on  the  material  of  interest  at  an  oblique 
angle  of  incidence.  Typically  this  angle  is  65°  to  75°  measured  from  the  sample  normal. 
Figure  2  shows  why  it  is  highly  advantageous  to  have  both  spectroscopic  and  variable 
angle  capability.  The  sensitivity  for  accurate  measurement  of  an  unknown  material 
parameter  such  as  layer  thickness  or  alloy  fraction  is  highly  dependent  on  both  angle  of 
incidence  and  wavelength. 


Figure  1:  Variable  angle  of  incidence  spectroscopic  ellipsometer. 
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Figure  2:  Change  in  calculated  delta  for  a  1 .0  %  change  in  the  AlGaAs  alloy  fraction  for 
the  sample  shown.  Note  the  strong  dependence  of  the  sensitivity  on  both  wavelength  and 

angle  of  incidence. 


Ellipsometers  measure  a  complex  number  p=tan\|;  exp(jA)  and  data  are  often 
expressed  in  terms  of  v  and  A  (or  tanv  and  cosA).  p=rp/rs  where  rp  and  r^  are  the 
complex  Fresnel  reflection  coefficients  derived  from  solving  Maxwell's'  equations  of 
electrodynamics  at  the  interface  between  two  optically  distinguishable  media.  ^  The 
Fresnel  coefficients  are  functions  of  the  angle  of  incidence,  the  complex  optical  index  of 
refraction  of  the  materials  in  the  sample,  and  the  layer  thicknesses  in  multilayer  materials. 

Because  the  Fresnel  coefficients  for  multilayered  media  contain  a  large  number  of 
algebraic  terms  the  desired  optical  constants  and  layer  thicknesses  can  not  be  solved  for 
directly  from  the  measured  p  as  a  function  of  angle  and  wavelength.  ^  Instead,  a  model  for 
the  physical  structure  needs  to  be  constructed,  based  on  best  estimates  of  the  nature  and 
dimensions  of  the  actual  sample.  That  model  is  the  basis  for  calculating  predicted  v|/  and  A 
spectra.  Next,  experimental  i)/  and  A  data  are  acquired,  and  a  comparison  between 
experimental  and  calculated  y  and  A  is  made.  We  use  a  biased  estimator  for  this 
comparison,  given  as 


i=l  O 


(A" -A")' 


where  C  and  M  signify  calculated  and  measured  respectively,  and  aj  are  the  standard 
deviations  of  the  measurements.^ 


The  set  of  parameters  is  next  found  which  minimizes  the  biased  estimator,  using 
the  Levinberg-Marquardt  algorithm  in  a  regression  analysis^.  The  resulting  set  of 
parameters  is  then  examined  to  determine  the  physical  realism  of  the  values.  For  example, 
if  a  layer  thickness  was  known  to  be  near  ISmn  and  the  regression  resulted  in  a  value  of 
2S0nm  then  the  reasonableness  of  the  originally  assumed  model  must  be  re-examined. 

That  is,  the  technique  is  model  dependent.  Luckily  there  are  a  huge  number  of  examples 
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where  the  results  are  reasonable,  and  parameter  values  found  to  be  in  excellent  agreement 
with  the  same  parameters  obtained  from  other  techniques^.  These  methods  include  cross 
sectional  transmission  electron  microscopy  and  Rutherford  Backscattering,  for  example.^ 

The  advantages  of  ellipsometric  materials  analysis  are  that  it  is  non-destructive, 
rapid,  non-invasive  (even  photoresists  are  not  "exposed"  by  the  light  beam),  and  that  it 
works  in  a  variety  of  ambients  including  air,  vacuum,  and  even  under  liquids.  Additionally 
ellipsometry  is  submonolayer  sensitive. 


Examples 

A.  Transparent  Thin  Films. 

To  illustrate  the  monolayer  sensitivity  of  spectroscopic  ellipsometry.  Figure  3 
shows  an  "environmental  chamber"  in  which  dry,  high  purity  air  is  passed  through  a  "baby 
oil"  bubbler  to  deposit  an  extremely  thin  film  of  oil  on  an  iridium  metal  substrate  Iridium 
will  be  used  as  the  mirror  surface  by  NASA  on  its  X-ray  telescope  to  be  launched  in  1 999 
Mirror  contamination  detection  is  a  concern.  The  baby  oil  experiments  were  preliminary, 
to  demonstrate  the  high  sensitivity  of  ellipsometry  to  hydrocarbon  contamination. 


Sample 


From  Bubbler 


Figure  3:  Environmental  chamber  for  contamination  studies  with  VASE. 
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Figure  4  shows  the  change  in  thickness  vs  time  during  baby  oil  condensation. 
Notice  that  the  changes  in  thickness  are  at  a  rate  of  about  0.05  nm  per  minute  with  a  noise 
level  of  less  than  an  atomic  monolayer. 


Thickness  Change  of  Baby  Oil  Vs.  Time 


Figure  4:  Dynamic  VASE  data  for  baby  oil  contamination  of  a  surface 

Figure  S  shows  the  ordinary  and  extraordinary  branches  of  the  index  of  refraction 
determine  ellipsometrically  of  a  polyimide  film  957  nm  thick  on  a  silicon  wafer  Thus  the 
dispersion  relations  of  both  isotropic  and  anisotropic  optical  thin  films  can  be  determined 
by  ellipsometry. 


Figure  5:  Ordinary  and  extraordinary  indices  of  refraction  of  a  957  nm  polymer  film, 
from  analysis  of  VASE  data. 
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Another  interesting  experiment  is  ^wn  in  figure  6  where  the  index  and  extinction 
coefiBcient  of  a  photoresist  are  shown  before,  during  and  after  exposure  to  light.  The 
ellipsometer  us^  for  these  measurements  had  the  monochrometer  ahead  of  the  sample 
(rotating  analyzer  ellipsometer)  and  thus  miitimally  exposed  the  photoreast  during 
measurement.  Thus  the  dynamics  of  photochemical  reactions  can  be  studied. 


Wavelengdi  in  ran 

Figure  6:  Photoresist  optical  constants  as  a  function  of  UV  light  exposure,  as  obtained 
from  analysis  of  VASE  data.  Note  the  bleaching  of  the  absorption  peaks  below  -460  nm. 

A  final  note  in  this  section  is  that  the  index  of  refraction  and  thickness  of  very  thin 
films  are  often  correlated  variables®.  Thus  neither  can  be  uniquely  determined  when  both 
are  unknown.  The  thicker  the  film  the  generally  lower  is  the  correlation  of  these 
parameters.  Thus  ellipsometry  can  determine  both  n  and  thickness  for  films  thicker  than  a 
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few  tens  of  nm.  Separation  of  n  and  t  is  not  possible  by  nomud  incidoice  reflectance 
measurements  for  films  of  any  thickness.  Another  way  to  decorrdate  n,  k,  and  the  film 
thickness  is  to  combine  ellipsometry  with  optical  transmission^  In  this  way  film  thickness, 
optical  constams,  and  vertical  index  grading  profiles  can  often  be  determined  uniquely. 

This  is  illustrated  in  figure  7  where  the  index  of  indium  tin  oxide  (ITO)  vs  depth  is  plotted 
Additionally  ellipsometry  plus  transmission  permits  measurement  of  the  dispersion  of  the 
index  of  refraction  and  extinction  coefficient,  as  seen  in  figure  8.  Note  the  basic  optical 
bandgap  absorption  starting  near  300  nm  (~4eV),  as  well  as  the  Drude  edge  optical 
absorption  in  the  near  infrared.  The  Drude  edge  is  determined  by  the  number  of  free 
carriers  and  the  effective  mass  of  these  carriers  and  is  thus  related  to  the  electrical 
conductivity.  Thus  ellipsometry  provides  a  quick  non-destructive  optical  measurement  of 
the  electrical  conductivity  of  these  transparent  conductors. 


Distance  from  Substrate  in  nm 


Figure  7;  Depth  profile  of  the  index  of  refraction  at  SOO  nm  of  an  indium  tin  oxide  (ITO) 
film  on  BK7  glass,  obtained  from  simultaneous  analysis  of  VASE  and  transmission  data. 
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Figure  S:  Optical  constants  of  indium  tin  oxide  (ITO)  obtained  from  analysis  of  VASE 
and  transmission  data  for  an  ITO  film  on  BK7  glass. 


B.  Films  for  Semiconductor  Circuits. 

There  are  numerous  materials  used  in  integrated  circuit  manufacture  for  which 
ellipsometry  is  highly  effective  as  an  analytical  tool^’  ^  .  These  include:  1 )  Natural 
and  thermal  oxide  thicknesses;  2)  Poly-silicon  microstnicture  including  amorphous 
silicon  fraction  along  with  layer  thickness  and  surface  roughness  3)  Metallization 
including  titanium  and  titanium  nitride  Figure  9  shows  a  comparison  of  ellipsometrically 
determined  thicknesses  for  a  semiconductor  structure  with  thicknesses  determined  by 
calibrated  cross  sectional  transmission  electron  microscopy.  Excellent  agreement  is 
found^.  Note  that  ellipsometry  non-destnictively  determined  five  layer  thicknesses  and 
the  void  fraction  in  the  poly-si  layer,  a  total  of  six  variables. 


Layer  thickness  (nm) 

VASE 

XTEM 

Silicon  dioxide  (native) 

5.4  nm 

5.0  ran 

Silicon  Nitride 

15.2  nm 

16.0  ran 

Silicon  Dioxide 

33.1  nm 

33.0  ran 

Poly-Si:  96%c-Si, 

4%  voids 

323.4  nm 

320.0  nm 

Silicon  Dioxide 

31.6  nm 

30.9  ran 

Silicon 

Substrate 

Substrate 

Figure  9:  Comparison  of  ellipsometrically  determined  thicknesses  for  a  semiconductor 
structure  with  thicknesses  determined  by  calibrated  cross  sectional  transmission  electron 

microscopy. 
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C.  Patterned  Flat  Panel  Display  Structures. 

Figure  10  shows  the  index  of  refraction  dispersion  of  a  ZnS  '.Mn  electroluminescent 
layer  in  a  stack  consisting  of  SiOx^y/ZoSiMn/SiO^Ny/Patterned  ITO/glass.  Along  with 
the  index  of  re&action,  the  Cauchy  coefBcients  representing  dispersion  in  the  SiOxNy 
layers  (and  thus  the  x-value)  as  well  as  the  thicknesses  of  the  four  layers  were  determined 
Thus  spectroscopic  ellipsometry  can  be  very  effectively  used  for  diagnostics  on 
commercially  important  flat-panel  display  multilayer  materials.  Mapping  of  properties 
over  the  area  of  the  panel  can  also  be  done. 


Wavelength  in  nm 

Figure  10:  ZnS:Mn  Index  of  refraction,  from  VASE  analysis  of  patterned  four  layer 
sample  containing  a  one  micron  ZnS:Mn  film. 


D.  Control  of  Superlattice  Growth  by  Molecular  Beam  Epitaxy  (MBE). 

A  final  example  of  applications  of  spectroscopic  ellipsometry  is  the  monitoring  and 
control  of  depositions.  Shown  in  figure  1 1  is  an  ellipsometer  that  takes  data 
simultaneously  at  44  wavelengths  in  a  fraction  of  a  second.  Examples  of  its  use  include 
MBE  and  metal  organic  chemical  vapor  deposition  (MOCVD)  crystal  growth,  electron 
cyclotron  resonance  (ECR)  etching  and  deposition,  and  sputtering.  In  all  of  these, 
monolayer  sensitivity  (and  in  some  cases  control  of  the  deposition)  have  been 
demonstrated.  Figure  1 2  shows  the  y  parameter  acquired  at  44  visible  wavelengths  vs 
time  during  growth  of  a  four  period  superlattice  of  AlAs/GaAs.  As  the  growth  took  600 
seconds  and  data  were  acquired  twice  per  second,  there  were  52,800  data  points  acquired! 
The  user  can  select  out  those  most  important  for  determining  the  desired  physical 
parameters,  which  in  the  case  shown  was  layer  thickness.  Thickness  control  was 
implemented  using  the  ellipsometrically  determined  thickness  vs  time  to  open  and  close 
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simtters  during  the  depoation.  The  nominal  thicknesses  of  I .  SO  nm  (AlAs)  and  20  0  nm 
(GaAs)  were  achieved  with  90  percent  confidence  limits  of  0. 1  nm  (AlAs)  and  0  4S  nm 
(GaAs)  being  typical. 


Figure  11:  44  Wavelength  ellipsometer 


Growth  of  1 SA  AlAs /200A  GaAs  4  period  S  L. 
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Figure  12:  Spectral  VASE  data  as  a  function  of  time,  acquired  during  MBE  growth  of 
AlAs/GaAs  superlattice,  four  periods. 
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Conclusions 

Applications  of  spectroscopic  eliipsometry  have  advanced  rapidly  in  the  past 
several  years  due  to  the  ever  increasing  speed  of  computers,  and  due  to  the  parallel 
development  of  data  analysis  software  and  new  approaches  to  problem  solving.  In  this 
brief  review  we  have  chosen  to  illustrate  the  power  of  eliipsometry  in  solving  various 
materials  problems  of  industrial  importance  such  as  hydrocarbon  contamination  of 
surfaces,  photoresists,  integrated  circuit  materials,  flat  panel  display  multilayer  structures, 
and  in  situ  real  time  process  control.  In  addition  to  these  commercial  applications  there 
are  numerous  impressive  advances  being  made  in  the  more  fundamental  science  aspects 
using  spectroscopic  eliipsometry*. 
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ABSTRACT 

Brewster  Angle  Reflectance  Differential  Spectroscopy  (BARDS)  has  been  proposed  as  an 
optical  method  for  real-time  characterization  of  the  growth  of  thin  films.  BARDS  is  based  on 
changes  in  the  reflectivity,  Rp,  of  parallel  (p)-polarized  light  incident  at,  or  near,  the  Brewster 
angle  of  the  substrate  material.  Changes  in  R  are  sufficiently  large  to  monitor  layer  growth,  and 
to  determine  the  thickness  and  the  optical  constants  of  the  deposited  film.  In  this  paper  we  extend 
the  method  to  multilayer  film  deposition.  The  derivative  properties  of  R  are  correlate,^  with 
differences  in  the  optical  constants  of  the  two  materials,  and  with  the  sharpness  of  their  interface. 
We  present  spectra  for  Si02/Si3N4/Si02/Si,  demonstrating  some  of  these  aspects  of  this  new 
and  effective  approach  to  in-situ  monitoring. 


I.  INTRODUCTION 

During  the  last  decade,  with  increasing  use  of  thin  film  deposition  techniques,  the  need  for 
in-situ  growth  monitoring  has  resulted  in  the  development  of  various  characterization  methods. 
Due  to  the  nondestrucdve  character  and  the  real-time  application,  optical  probe  techniques  such 
as  refleciance-difference  snectroscopy  (RDS)*'^,  surface  photo-absorption  (SPA)3,  dynamic 
optical  reflectivity  (DOR)^  and  Brewster  angle  reflectance  spectroscopy  (BAPS)5  have  been 
developed  for  in-situ  characterization  of  the  growth  of  thin  films.  For  a  transparent  substrate  a 
well  defined  Brewster  angle  exists  where  the  reflection  coefficient,  of  the  component  of  the 
incident  light  polarized  parallel  to  the  plane  of  incidence,  vanishes,  for  an  absorbing  substrate, 
the  Brewster  angle  law  has  to  be  modified  from  the  condition  Rp  =  0  to  a  reflectance  minima 
condition  dl^  /  dtp  =  0.  This  definition  of  the  Brewster  angle  is  then  also  called  the  pseudo- 
Brewster  or  first  Brewster  angle.  It  bus  been  shown  that  the  Brewster  angle  law  can  be  generally 
formulated  as  a  function  of  the  complex  optical  functions  £  =  6]+  iej,  which  apply  to 
transparent  as  well  as  absorbing  media®. 

Compared  to  transparent  media,  the  influence  of  the  absorbing  media  on  the  Brewster  angle 
can  be  expressed  as  a  shift  in  the  angle  tpg  at  which  dRp/dtp  =  0  and  in  an  offset,  i.e. 
Rpl,p  >  0  The  reflectivity  Rpl<p„  lies  in  the  order  of  10  ®  -  10^  for  weakly  absorbing  media 
and  increases  up  to  10"^  for  strong  absorbing  media,  such  as  metals.  Assuming  the  growth  of  a 
film  with  a  certain  optical  dielectric  function  e  =  ej  -h  i  £2  on  a  substrate,  the  reflected  light  from 
the  surface  can  be  initially  split  in  two  contributions.  First,  a  large  contribution  related  to  the  bulk 
properties  of  the  substrate  and  second,  a  small  contribution  due  to  the  growing  film.  Setting  the 
.angle  of  incidence  at  the  Brewster  angle  qig  of  the  substrate,  its  bulk  contribution  is  set  to  zero, 
which  allows  highly  sensitive  detection  of  the  initial  layer  growth.  Changes  in  th;  growth 
conditions,  such  as  a  variation  in  the  growth  rate,  density  fluctuations  or  changes  in  the  optical 
function  e  during  the  growth  results  in  a  change  of  the  slope  in  the  monitored  reflectance 
spectrum  or  in  a  discontinuity  in  the  derivative  reflectance  .spectrum,  respectively. 

II.  MODEL  CONSIDERATION 

In  the  modeling  of  the  changes  in  the  reflectance  for  multilayer  film  growth,  homogeneous 
isotropic  substrates  and  films  are  assumed.  For  monochromatic  light  which  is  parallel  polarized 
to  the  plane  of  incidence,  no  perpendicular  reflectance  components,  is,  have  to  be  considered  as, 
only  the  parallel  reflectance  components,  rp.  contribute  to  the  reflectance  amplitude.  For  brevity, 
the  index  p  will  be  dropped  in  the  following  text. 

27 

Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  324.  ciSSa  Malarialt  Rnaarch  Soclaty 


Assuming  an  'n'  layer  system;  ambient  /  film  1  /  ...  /  film  n  /  substrate  (see  Fig.  1),  the 
reflection  coefficient  from  the  (n-1)*  to  the  layer,  r(n-i)n. .  is  given  by: 


^(n-l)n 


ef„  V  £f(n-i)  -  e.  sin^9o  -  £f(n-i)  -  e,  sin^tpo 


ef„  V  ^f(n-l)  -  +  Eftn-l)  V  ^fn  ■ 

and  reflection  coefficient  from  the  n*  layer  to  the  substrate,  rns,  is  given  by 


e,  -/ea.  -  ■  e. 


.f 


£*  Sin 


Efn  -  ea  sin^9o  +  ef„  V 


(la) 


(lb) 


The  phase  factor  <!)„  for  the  oth  layer  can  be  described  by: 


Veft.  -  Ea  sin^tpo  (2) 

The  thickness  of  the  nth  film  is  dfn,  <po  is  the  angle  of  incidence  and  e,  and  Eg  are  the  complex 
dielectric  functions  of  the  ambient  and  the  substrate,  respectively.  The  complex  dielectric 
functions  of  the  (n-l)th  films  are  indexed  by  ef„.]  and  Efa,  respectively.  Figure  1  shows 

the  reflected  and  transmitted  waves  for  a  2  layer  ( ambient  -  film  1  -  film  2  -  substrate  )  system 
for  a  p-polarized  light  beam. 


The  reflectance  amplitude  rtn  can  be  calculated  from  a  'n'  -  2x2  matrix  multiplication 
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Figure  2  shows  the  calculated  change  in  the  reflectivity  for  a  Si02-Si3N4-Si02  multilayer 
system  grown  on  a  Si  substrate.  The  angle  of  incidence  is  chosen  at  70  degrees.  The  chosen 
wavelength  is  670  nm.  The  derivative  spectrum  of  the  reflectivity  versus  film  thickness  is  also 
shown.  This  clearly  reveals  a  discontinuity  at  the  interface  of  each  layer.  The  changes  in  the 
slope  can  be  used  to  characterize  the  different  dielectric  functions  for  each  film. 


III.  EXPERIMENT 

The  experimental  arrangement  is  schematically  shown  in  Fig.  3.  A  laser  diode  with 
A.=670nm  and  6.5mW  power  is  used  as  light  source.  The  parallel  light  beam  is  split  into  a 
reference  and  a  signal  channel.  The  signal  beam  is  polarized  parallel  to  the  plane  of  incidence, 
using  a  Glan-Thompson  polarizer,  P,  with  an  extinction  ratio  smaller  than  10'^.  The  polarized 
light  is  focused  onto  the  sample  held  at  an  angle  of  70  degrees,  which  is  close  to  the  Brewster 
angle,  93,  of  the  silicon  substrate.  The  reflected  intensity  is  detected  by  a  photomultiplier  tube. 
PMT,  and  processed  using  a  preamplifier  and  lock-in  amplifier  technique.  The  laser  intensity  is 
monitored  at  the  reference  channel  to  correct  light  intensity  fluctuations. 

Thin  films  of  Si02  and  Si3N4  were  deposited  on  a  n-Si  (100)  substrate  using  remote  plasma 
enhanced  CVD  processing  described  elsewhere^.  The  flow  rates  for  Si02  deposition  were  300 
seem  He  flow,  15  seem  oxygen  flow  and  7.5  to  25  seem  SiHa/Ar  (10%  SiH4  diluted  in  Argon) 
for  growth  rates  of  50  A/min  to  200  A/min,  respectively.  The  flow  rates  for  Si3N4  deposition 
were  300  seem  He  flow,  25  seem  SiHa/Ar  flow  and  10  to  20  seem  NH3  flow  introduced 
through  a  ring  5  cm  above  the  substrate.  Substrate  temperature  and  process  pressure  were 
maintained  at  300  °C  and  300  mtorr,  respectively.  The  plasma  was  created  by  RF  excitation  at 
1 .3.56  MHz  with  a  RF  power  of  400  W. 
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Fig.  1 :  Reflection  of  a  plane  wave  (p-polarized  to  the  plane  of  incidence)  by  a  two  layer-film 
structure  between  (0)  ambient  and  (3)  substrate.  q)o  is  the  angle  of  incidence;  (pi  and  (p2 
are  the  angles  of  refraction;  rat,  ri2  and  tzs  are  the  reflection  coefficients  for  the 
interfaces. 
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Fig.  2;  Calculated  changes  in  the  reflectivity  for  Si02-Si3N4-Si02  multilayer  deposition,  on  top 
of  a  Si  substrate. 


Fig.  3:  Schematical  diagram  of  the  experimental  setup;  L:  Laser;  P:  Gian  Thompson  polarizer, 
PMT:  photo  multiplier  tube;  Wj  and  W2  ate  the  optical  ports  into  the  growth  chamber. 
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IV.  RESULTS  AND  DISCUSSION 

The  changes  of  the  real-time  monitored  reflected  intensity  during  the  Si02  growth  is  shown 
in  fig.  4  for  two  different  processing  conditions.  The  SiQ2  films  are  deposited  at  300°C  with  a 
growth  rate  of  ~100A/min.  Spectrum  (b)  in  Fig.  4  shows  the  changes  in  the  reflected  intensity 
for  SiOi  growth  starting  with  a  hydrogen  terminated  Si  (100)  surface  and  Fig.  4  (a)  shows  the 
changes  m  the  reflected  intensity  starting  with  a  pteoxidized  Si  surface.  The  preoxidation  process 
involved  a  60  sec  He-oxygen  plasma  without  SiHt  flow  at  300°C,  which  oxidized  the  Si 
surface,  resulting  in  an  uniform  SiOa  layer  of  about  6A.  The  Si02  deposition  parameters  are 
identical  for  both  spectra.  The  observed  changes  in  the  reflected  intensity  differ  in  the  observed 
slope  as  well  as  the  monitmed  intensity  maxima. 

To  reveal  the  film  thickness,  the  growth  rate  and  the  optical  constants  of  the  deposited  Si02 
layer,  spectrum  4(a)  is  compared  with  a  theoretical  spectrum,  calculated  using  eqs.  (1)  to  (4) 
assuming  one  layer  (SiOi),  ambient,  Ca  =  1,  and  Si  substrate,  =  (15.20,  0.15).  Figure  5 
shows  the  experimental  spectrum  (as  a  function  of  thickness)  compared  with  the  theoretical 
spectrum  for  a  SiOj  layer.  Best  agreenrent  is  observed  assuming  a  dielectric  function  of  Ef  = 
(2.14, 0.01)  with  a  calculated  growth  rate  of  85A/min  for  the  grown  SiOa  film,  however,  two 
discrepancies  can  be  seen.  First,  the  local  minima  of  the  experimental  spectra  are  broadened  and 
second,  a  large  difference  in  the  resolved  peak  maxima  compared  to  the  theoretical  model  can  be 
observed.  The  broadened  minima  can  be  explained  as  a  result  of  beam  divergence,  substrate 
surface  roughness  and  depolarization  effects  in  the  optical  ports  of  the  growth  chamber.  The 
discrepancy  in  the  intensity  maxima  is  explained  by  the  interaction  of  the  laser  beam  with  the  RF- 
plasma,  which  is  due  to  absorption  of  the  laser  light  by  excited  hydrogen  in  the  RF-plasma.  This 
interaction  results  in  a  significantly  lower  detected  intensity  during  the  deposition  process. 
Therefore,  a  calculation  of  the  absolute  reflectivity  cannot  be  performed.  Choosing  a  laser 
wavelength  outside  the  absorption  region  eliminates  this  difficulty  and  permits  the  evaluation  of 
possible  additional  sources  of  distortions  of  the  experimental  reflectance  curve  in  future. 


Fig.  4;  Real-time  monitoring  of  the  reflected  intensity  during  SiC>2  deposition,  with  and  without 
preoxidation  step. 
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Fig.  5:  Fitting  of  the  experimental  data  (fuUine)  for  the  growth  of  Si02  on  Si  by  a  theoretical 
curve  (dashed  line)  with  a  dielectric  futK:tion  (2.14, 0.01)  at  670  nm. 


Fig.  6:  Monitored  changes  in  the  reflected  intensity  during  a  Si02  -  SyNa  multilayer  deposition. 


Figure  6  shows  the  changes  in  the  reflected  intensity  during  a  multilayer  Si02  -  Si3N4 
growth  starting  with  a  H-terminated  Si  (100)  surface.  The  Si02  was  deposited  with  a  growth 
rate  of  about  2(X)  A/inin  and  the  SisNa  was  deposited  with  a  growth  rate  of  about  SSA/min.  Due 
to  the  interaction  between  the  laser  light  and  the  applied  plasma  during  the  deposition  process,  a 
drop  in  the  intensity  occurred  while  switching  the  deposition  from  the  Si02  process  to  the  Si3N4 
process.  This  resulted  in  a  drop  in  the  intensity  of  the  reflected  light.  After  10  to  30  sec  the 
process  was  stabilized.  The  observed  changes  in  the  slope  of  the  reflected  intensity  versus  time 
curve  upon  switching  between  Si02  and  Si3N4  deposidon  are  related  to  the  differences  in  the 
growth  rates  and  the  dielectric  functions  of  the  deposited  Si02  and  Si3N4  Aims.  If  the  growth 
rate  for  each  deposition  process  is  known,  the  intensity  spectrum  as  a  function  of  time  can  be 
converted  into  a  film  thickness  scaling  and  the  revealed  changes  in  the  slopes  can  be  related  to 
the  optical  constants  for  each  film. 


V.  CONCLUSION 

BARDS  allows  the  real-time  monitoring  of  multilayer  film  growth.  Theoretical  calculations 
show  that  differences  in  the  dielectric  functions  for  each  film  result  in  a  discontinuity  in  the 
differential  spectrum.  First  results  for  Si02  and  Si3N4  film  depositions  show  that  the 
information  obtained  by  BARS  can  be  used  to  obtain  the  film  thickness,  the  growth  rate  and 
optical  constants  of  the  deposited  film.  Results  on  multilayer  Si02  -  Si3N4  film  deposition 
display  changes  in  the  slope  of  the  monitored  reflected  intensity  versus  time  curve  upon 
switching  between  Si02  and  Si3N4  deposition,  which  are  related  to  the  differences  in  the  growth 
rates  and  optical  constants  of  the  deposited  layers. 
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ABSTRACT 

This  paper  describes  an  expansion  of  the  capabilities  of  real  time  spectroscopic 
ellipsometty  (SE)  that  results  from  simultaneous  measurement  of  a  reflectance  spectrum  R^ 
along  with  the  two  spectra  in  the  ellipsonoetric  angles  (y,A).  Ra  provides  information 
complementary  to  (y.  A),  but  until  now  has  not  bem  explmt^  in  real  time  spectroscopic 
app^ations.  Earlier,  we  have  develcyed  a  novel  rotating-polarizer  multichannel  ellipsometer 
fw  real  time  studies  cf  thin  film  growth  that  utilizes  a  photodiode  array  (PDA)  detector  for  high¬ 
speed  acquisition  of  (y.  A)  spectra.  Employing  this  instrument  with  a  I2.S  Hz  polarizer 
rotation  rate,  three-parameter  (3-p)  data  secs  (y(hv,t),  A(hv,t),  RA(hv,t);  1.4:^v£4.S  eV}  can 
now  be  obtained  with  a  time  resolution  as  shcm  as  40  ms  during  film  growth.  A  resilient  new 
analysis  approach  based  on  mathematical  inversion  and  least-squares  fitting  is  described  to 
interpret  the  3-p  data  set  The  3-p  approach  has  been  successful  in  characterizing  plasma- 
enhanced  chemical  vapor  deposition  (PECVD)  d  amorphous  semiconductors,  and  provides  the 
film  dielectric  functions  and  thicknesses  indqiendently  at  each  time  during  film  gro^.  RA(hv) 
exhibits  deviations  from  the  spectrum  predit^  in  successful  modeling  of  (y.  A)  spectra  ^one. 
These  deviations  result  from  diffuse  light  scattering  by  particulates  in  the  plaana.  We  show 
how  additional  information  can  be  extract  from  the  spuitral  dqiendence  of  the  scattering  loss. 

INTRODUCTION  AND  OVERVIEW 

Recently  real  time  spectroscopic  ellipsometry  (SE)  has  been  developed  and  applied  to 
better  understand  the  processes  of  thin  film  nucleation,  coalescence,  and  bulk  growth  in  adverse 
deposition  environments  [1].  The  goal  of  this  measurement  is  to  deduce  the  optical  properties 
of  one  or  more  layers  that  make  up  the  evrtiving  thin  film.  From  the  optical  properties,  we  can 
leant  about  the  microstructure  of  the  film  (e.g.,  bond-pacldng  density)  and  its  electronic 
characteristics  (e.g.,  optical  gaps,  critical  point  energies).  Because  the  optical  pn^rties  of  the 
film  evolve  with  thickness  in  the  early  stages  of  growth,  data  analysis  here  often  requires 
solving  the  classical  problem  in  SE  at  each  measurement  time  [2].  Specifically,  one  may  n^  to 
determine  spectra  in  the  real  and  imaginary  pam  of  the  dielectric  function  (Cj,  as  well  as  the 
film  thickness  d,  from  a  single  pair  of  spectra  in  tlw  ellipsometry  angles  (y,  A). 

In  this  paper,  we  report  a  more  general  approach  to  solving  the  classical  ellipsometry 
problem  desisted  fm  real  time  ^plications.  This  approKh  relies  on  deducing  a  diird  spectrum, 
the  reflectance  Ra.  from  measurements  obtained  during  thin  film  deposition.  Ra  can  be 
acquired  simultaneously  with  (y.  A)  in  the  same  multicluuuiel  rotating  polarizer  ellipsometer, 
and  this  measurement  represents  a  natural,  yet  powerful,  extension  of  the  multichannel 
measurement  described  in  detail  in  earlier  publications  [3].  In  order  to  utilize  R^  in  solving  the 
classical  problem  in  we  establish  the  correct  film  tiuckness  as  that  value  yielding  the  best 
agreement  between  measured  and  calculated  Ra  spectra.  In  performing  such  analyses, 
however,  we  have  found  that  the  discrepancies  in  the  measured  Ra  spectra  from  the  calculated 
results  can  provide  important  and  unique  insights  into  plasma  processes  and  film  properties. 
Thus,  the  importance  of  the  three-paranoeter  (3-p)  optical  spectroscopy  lies  not  only  in  its  ability 
to  assist  in  analyzing  the  layered  structure  of  the  film,  but  also  in  characterizing  such  processes 
as  light  scattering  fr^  plasma  particulates  tx  larger  scale  structure  on  the  film  surface. 

EXPERIMENTAL  DETAILS 

In  this  study,  we  employed  a  multichannel  ellipsometer  [3]  consisting  of  (i)  a  collimated 
Xe  source,  (ii)  a  quartz  Rochon  polarizer  assembly  with  an  angular  frequency  of  (Up=2]t(12.5) 
ra^s,  (iii)  a  high  vacuum  reactor  with  ty  tical  access  at  a  70°  incidence  angle,  (iv)  a  fixed  t^cite 
(}lan-Taylor  analyzer,  (v)  a  prism  spectrograph,  and  (vi)  a  1024-pixel  Si  PDA.  The  detector 
elements  were  grouped  by  eight;  thus,  128  spectral  points  were  collected  frcHn  1.4  to  4.3  eV. 
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The  array  is  read  out  four  times  per  optical  cycle,  clocked  by  an  encoder  mounted  on  the 
polarizer  motor  shaft.  The  irradiance  at  pixel  poup  k  of  die  detector  (k^i . 128)  is  [1]; 

I(hVk)  >■  loOiVk)  [1  +  o(hVk)  cos2(ttot-Psit)  +  POiv^)  tin2((Oot-Psk)].  (1) 

The  coefficients  (Iq,  at,  P)  ate  ftincdons  of  the  photon  energy  hv^,  associated  with  pixel  group 
k.  The  phase  an^,  Ps^  is  determined  in  calibration  [4]  and  accounts  for  the  fact  that  at  t=0, 
defined  by  the  trig^r  pulse  of  the  encodn,  the  ptdarizer  is  oriented  at  -Pst  Because  of  the 
delay  between  reading  out  one  pixel  group  and  the  next,  Psi[BPj(y^-l)gp,  where  ^30.16°. 

The  photodiode  array  is  an  integrating  detector;  thus  the  raw  qiectra  obtained  in  the  four 
read-outs  of  the  array  can  be  ex{»ess^  as  integrals,  ^(hV)^  over  the  four  quadrants  (jsl,...,4) 
of  the  cptical  cycle.  Accuracy  and  precision  are  ennanced  by  avere^g  the  Sjfhvi^)  values 
obtained  over  an  even  number  of  op&al  cycles,  yielding  <Sj(hv^>.  (lo,  a,  p)  ui  Eq.  (1)  can 
be  deduced  from  die  average  integrals,  diusly: 


Iflk  =  (1/it)  (<Sik>  +  <S2k>  +  <S3ic>  +  <S4k>)  (2a) 

Otk  =  (l/llok)  (^Ik^  ~  <S2k>  ~  <S3k>  +  <S4k>)  (2b) 

Pk  =  (l/2fok)  (■^Ik^  <S2k>  -  <S3k>  -  <S4k>).  (2c) 

From  o^(  and  pk  of  (2b-c),  the  two  eilipsometric  angles  Vk  and  Ak  can  be  calculated  [1]: 

cosAk  =Pk/{l-otk^)*^  (3a) 

Vk  “  ((l+«D/(l-ak))’^  A,  (3b) 


where  tan  yb  exp(iAb)  3=  In  these  equations,  A  is  the  analyzer  angle,  and  tp  (r^)  are  the 
complex  an^tu^  reflection  coefficients  for  p  (s)  polarized  waves,  which  depend  on  hVk- 

In  otaet  to  utilize  the  dc  Fourier  component  l^in  Eq.  (2a),  we  start  with  die  expression, 
Iflk  *  fOQk  where  =  (hpkl^cos^A  +  Ir^l^stn^A).  Here,  is  the  reflectance  of  the 
sample  tor  incident  light  that  is  linearly  polarized,  having  its  plane  of  vibration  tilted  at  an  angle 
A  with  respect  to  th^-direction.  I(x)k  represents  the  sample-independent  spectral  response  of 
the  optical  system.  Thus,  Io()k  ^  determined  from  known  t^tical  ptopeities  and  structure 
of  the  starting  substrate.  In  summary,  then,  the  spectniih  in  R^  is  obtaii^  from 

^Ak  “  l*0k/*0k,sub)  cos^A  +  lr,_s„b_kl*  sin^A).  (4) 

Equations  (3a-b)  and  Eq.  (4)  form  the  themetical  basis  of  the  3-p  technique  and  connect  the 
measured  parameters  (Iq,  a.  P)  to  the  processed  data  ((y.  A),  R^).  The  processed  data  in 
turn  are  related  to  the  fllm  properties  ((Ci,  €2),  d),  namely  the  dielectric  function  and  thickness, 
through  the  Iwsnel  coefficients,  given  below  Eq.  (3b)  arid  in  Eq.  (4). 

Thin  Aims  of  hydrogenat^  amorphous  silicon  (a-Si:H)  were  prepared  by  if  PECVD 
from  pure  SiHa  gas  at  a  pressure  of  0.2  Trar.  The  substrates  were  Si  wafers,  oveideposited 
with  dc  magnetron-sputtored  Or.  The  Cr  was  prepared  under  conditions  cytiinized  for  a  high 
density  and  ultrasmooth  surface.  The  substrates  were  mounted  onto  the  grounded  electrode  and 
heated  to  2S0*’C.  For  film  growth,  rf  power  levels  from  2  W  to  20  W,  were  applied  to  the 
opposing  electrode,  yielding  power  fluxes  at  the  substrate  from  0.052  to  0.52  W/cm^.  Each 
triplet  of  spectra  in  ((y,  A),  Ra)  was  computed  from  a  set  of  average  waveform  integrals,  <Sj> 
(j=l,...,4),  acquired  in  160  ms  during  film  growth.  Thus,  the  averaging  was  performed  over  4 
optical  cycles.  The  repetition  time  for  successive  sets  of  raw  spectra  was  ^so  160  ms.  For 
(^ration  at  2  W  and  20  W,  with  deposition  rates  of  80  AAnin  and  530  AAnin,  this  results  in  a 
measurement  of  ((y.  A),  Ra)  every  0.2  A  and  1.4  A,  respectively. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  evolution  of  the  parameters  |(<Ei>,  <E2>).  5RA/*^A.sub)  obtained 
during  a-Si:H  growth  onto  the  Cr  substrate  at  the  if  plasma  power  of  20  W.  'The  real  and 
imaginary  parts  of  the  pseudo-dielectric  functions  of  the  sample,  (<£)>,  <£?>),  in  Fig.  1  are 
calculated  directly  fiom  (y.  A)  using  Resnel's  equations  for  a  single  interwe  [1].  For  the 
lower  surface  in  Fig.  1,  5RA=RA-RA.sub:  8RA/RA,$ub=  tIo(*)“lo(0)l/V)(0)-  Here  Io(t) 

and  Io(0)  correspond  to  the  oc  component  spectra  for  the  nlm  measured  at  time  t  during  growth 
and  for  ^e  substrate  measured  prior  to  film  growth,  respectively.  The  goal  in  analyzing  these 
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dau  is  lo  extnct  the  me  (tielectric  finctioat  and  the  diidmesies  for  the  one  or  moie  layen  that 
describe  die  a-Si:H  film  nmctine,  as  well  as  their  tfane  evohnioa. 

One  analysis  nrooedare  thu  has  been  applied  successfully  to  solve  this  problem  fiom  a 
mkaroitnictiinl  stanq^oint  has  been  described  eatfier  [3],  but  the  description  will  not  be  icpeaied 
here.  It  relies  solely  on  die  real  time  (ip.  A)  [or  (<ei>,<e^)]specn  and  em^oys  a  two-layer 
model  for  the  film.  The  near-snbstraie  la:^  is  assmtied  to  be  a  high  densi^  a-Si;H  material 
trith  a  ddckness-indepeadem  dideciric  fiincdcn.  TheoveriyingtiiifiKielayeruataumediobea 
low  density  a-SiJi  consisting  of  a  physicnl  mixtam  of  the  aii«rlyiag  dense  material  and  fine 
space  (or  void),  with  a  dieiearic  Amctioo  determined  fiom  the  Braggeman  effective  mediam 
theory  [5].  In  the  analysis  «rf  the  teal  time  (y.  A)  spectra,  usiiy  linear  legiession  methods,  die 
time  evohition  of  the  two  l^er  ducknesaes  and  dm  relative  void  volume  BBction  in  the  smface 
layer  are  exmeted,  in  atUtion  to  dm  (helecaic  ftmetion  of  the  nnderl]^  law. 

Figure  2  provides  dm  two  dtidraesaes  extracted  in  this  analysis  ror  dm  depotito  of  Rg. 
1.  As  deacribedearimr.  the  observed  behavior  is  consistent  with  a  seymnee  of  nudrifionnation 
and  coalesoence.  followed  Ify  bulk  film  growth.  In  dm  nucleation  legiiim  in  Hg.  2,  die 
underlying  layer  thickness  is  mss  dian  a  mooolaw  (2.S  A).  In  this  regime,  the  smftce  layer 
simulaies  the  clusters  ofatoms  that  increase  in  dacknm  and  make  contact  at  t~1.7S  s.  auster 
contact  occurs  at  a  surface  li^  dtickness  of  23  J  A,  when  the  underlying  law  reaches  one 
nwnolayer.  I¥om  this  point  onward,  the  bulk  layer  increases  in  thicknem,  am  suiftce  layer 
simulates  nucleation-generated  surface  microctnicnire  that  smoodiens  (by  -S  A)  in  a  coalescence 
process.  This  analyms  has  been  presented  in  order  to  demonstram  dm  time  sode  of  the  growth 
processes,  and  to  cooqiare  results  diis  analysis  with  those  of  alternative  methods. 


Hg.  1  (left)  Three  3-dimensional  surfaces, 
including  the  real  and  imaginary  parts  of  the 
pseudo-&lectiic  function  (imper  surfaces), 
and  dm  relative  change  in  to  reflectance, 
collected  during  10  s  of  a-Si  PECVD  onto 
a  ma^netron-q^tteredCr  substrate  film.  The 
acquisition  and  repetition  times  were  160  tns, 
yielding  64  tr^leis  spectra. 

Hg.  2  (bottom)  Surface  and  bulk  layer 
thicknesses  (d,  and  d^  remet^vely)  obiai^ 
in  a  linear  regressioa  analysis  best  fit  to  the 
two  experimental  pseudo-TOlectric  functions 
(upper  surfaces)  of  Hg.  1.  Note  that  clusten 
in  the  initial  sta^  of  growth  make  contact  at  a 
time  of  1.75  s,  when  dm  first  bulk-like 
mondayer  forms  (db>2.5  A). 
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Theanalyttsof  Fig.2  has  one  dnwbtck  in  that  the  dielectric  funciioa  of  the  nucleating 
a-Si:H  film  is  simulated  as  a  physical  mixture  of  bulk  material  and  v<^  accordhig  to  a» 
predktioas  of  the  efiecdve  memiim  theory  [3].  This  aiqiroach  neglects  possible  size  e^ts  on 
the  optical  properties  or  possible  differences  in  the  structure  or  cooqtosition  of  the  material  in 
isolat^  particle  form.  Thus,  techniques  that  provide  the  dielectric  function  and  thicknres  of  the 
film  indqpendendy  fiom  each  successive  real  time  pair  or  trqtlet  of  plectra  are  (tf  interest 

Next  we  will  describe  a  new  analysis  approach  for  solving  this  problem  within  the 
framework  of  a  single  layer  model  This  apixoach  relies  on  all  three  parameters  in  Hg.  1, 
namely  ((<ei>,  5RA/Ri^^).  and  the  outcome  is  ((ei,e2),  d)  for  the  film  at  a  specific 

time  in  the  nucleation  process  (i.e.,  when  foe  film  consists  or  a  tin^  layer).  In  the  tint  step, 
one  selects  a  particular  set  of  spectra  of  interest  collected  in  the  nucfeation  process  (see  Fig.  2). 
A  ^ess  is  then  made  for  the  thickness  of  foe  film  at  this  time.  Once  a  thickiiMS  value  is 
available,  then  the  (y,  A)  spectra  can  be  inverted  to  provide  a  trial  dielectric  function  for  the 
film.  From  the  trial  thickness  and  dielectric  function,  and  foe  known  optical  characteristics  of 
the  substrate,  a  predicted  reflectance  spectrum  can  be  calculated.  The  calculated  and 
experimental  reflectance  spectra.  ^Ak*  respectively,  are  conqtared  and  an  average 

error  is  calculated,  namely  Or  *  (1/N)  IRacIc  ~  /  ®Adt;  where  N  is  foe  total  number  of 

spectral  points.  The  abore  steps  are  repeatedfor  a  range  m  initial  thiclmess  guesses.  In  the 
absence  of  etron  in  R^k,  the  correct  thicloRess  value  is  foe  one  that  minimizes  Or. 

Figure  3  demonstrates  the  application  of  this  approreh  to  the  a-Si:H  deposition  of  Figs.  1 
and  2.  Here,  the  three  spectra  collated  at  t^l  .6  s  just  prior  to  coalescence  have  bren  selKted 
for  analysis,  and  a  well-defined  minimum  in  Or  is  observed  at  22  A.  The  dielectric  function 
corresponding  to  this  thickness  is  presented  in  Fig.  4.  In  Fig.  3,  the  summation  to  determine 
the  enor  is  restricted  to  foe  energy  range  below  3.0  eV  (see  discussion  below). 


TRIAL  THICKNESS  (A) 


Fig.  3  A  schematic  of  foe  procedure 
used  to  determiiw  foe  dielectric  function 
and  thickness  of  ultrathin  a-Si;H  firm  the 
3-p  data  set  of  Fig.  1,  during  nucleation 
(at  t=1.6  s,  see  Fig.  2).  In  this  figure,  a 
measure  of  the  average  deviation  between 
foe  calculated  and  experimental  reflec¬ 
tance  spectra  is  plotted  versus  a  trial 
choice  tor  the  film  thickness.  The  ctxrect 
thickness  value  is  foe  one  that  minimizes 
the  deviation  (22  A  in  this  case).  Ihe 
broken  line  shows  the  thickness  obtain^ 
in  a  two-parameter  analysis  that  relies 
solely  on  foe  pseudo-dielectric  function 
of  Fig.  1.  In  this  latter  analysis,  the 
ctXTCct  thickness  is  chosen  to  ensure  that 
E2— >0  at  the  lowest  photon  energies. 


PHOTON  ENERGY  (eV) 


Fig.  4  Dielectric  functions  for  ultra- 
thin  a-Si:H  obtained  in  three  different 
analyses.  In  one  case  (open  points),  the 
thickness  was  deduced  firm  ellipsometric 
data  alone  by  ensuring  that  £2  -»  0  at  the 
lowest  photon  energy.  In  the  second 
case  (solid  points),  all  three  optical 
puameters  were  employed,  and  the 
thickness  was  chosen  to  provide  the  best 
overall  agreement  between  the 
experimental  and  calculated  reflectance 
spectra.  In  the  third  case  (trian^es),  the 
linear  regression  analysis  approach  of 
Fig.  2  was  utilized  in  which  foe  dielectric 
function  was  simulated  assuming  a 
mixture  of  bulk  a-Si:H  and  void. 
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In  Older  to  asseu  the  validity  of  the  soludon  identified  in  Fig.  3,  we  also  peifwined  an 
alternative  a^ysis  that  lelies  on  the  (y.  A}  [or  (<Z|>,  <^>)]  spectra  alone.  In  this  altemative 
analysis,  the  fifan  thickness  is  chosen  to  ensure  that  ep  vanishes  below  the  a-Si:H  band  gap. 
This  approach  leads  to  a  film  thickness  of  21  A,  in  gotn  agrroment  widt  the  3'P  solution  of  Fig. 

3.  The  dteleciric  function  for  the  a-Si;H.  deduced  using  this  thickness  is  also  included  in  Fig. 

4.  The  two  results  in  Fig.  4  for  film  thickness  solutions  of  21  and  22  A  reveal  that  a  ±0.5  A 
range  ttf  thickness  leads  to  a  possible  range  in  E|  of  ±0.45  throughout  the  normal-dispersion 
regime.  Such  reladveW  large  variadons  for  small  diffeiences  in  film  thickness  are  characterisdc 
of  attempts  to  extract  tM  dielectric  fimedons  of  ultra^  films.  In  spile  of  this,  the  overall  shape 
of  e  is  not  altered  by  difRetences  in  the  thickness  solution  on  the  A  scale. 

Finally,  we  note  that  the  thickness  obtained  in  the  analysis  of  Fig.  2  is  23.5  A.  The 
larger  tfiscrepancy  between  this  value  and  the  other  two  is  easily  understood.  The  best  fit 
dielectric  function  in  the  linear  legression  analysis,  calculated  assuming  a  mixtutc  of  bulk  a-Si;H 
and  void  (48  vol.%),  reveals  significant  deviadons  in  overall  shape  fiom  those  obtained  in  the 
other  analyses,  as  shown  in  Fig.  4.  TIw  0.25  eV  higher  peak  energies  in  both  C]  and  E2. 
obtained  by  tte  inversions  with  A,  represent  the  correct  result  and  appear  to  be  related, 

not  to  size  effects,  but  to  excess  H  in  the  nucleadng  layer  (in  conqMrison  with  bulk  material). 
Excess  H  here  has  also  been  observed  by  infrared  measurements  of  PECVD  a-Si:H  [6].  The 
higher  peak  energies  in  and  62  cannot  be  simulated  assuming  a  mixture  of  bulk  material  and 
void;  however,  dM  assurtydon  does  lead  to  die  proper  thickness,  within  a  monolayer  (2.5  A). 

The  new  3-p  analysis  as  demonstrated  in  Figs.  3  and  4  provides  an  advantage  over  the 
other  two  methods,  since  it  requires  no  assum{ttions  regarding  die  form  of  the  dielectric  function 
of  the  film.  A  number  of  authors  have  also  perfotined  3'P  measurements  either  at  a  single 
photon  energy  in  real  time  or  spectroscopically  on  static  thin  films  [7-10].  In  order  to  obtain  the 
properties  of  single  films  on  known  substrates,  these  authors  have  often  focused  on 
mathematical  inversion  to  extract  ((61,62),  d)  for  the  film  from  ((y,  A),  Ra).  Here,  we 
recognize  the  lower  precisian  and  accuracy  of  the  reflectance,  and  the  possible  artifacts  involved 
in  its  measurement  due  to  non-specular  light  scattering  (see  next  paragraph).  As  a  result,  we 
use  this  parameter  solely  to  establish  a  criterion  for  the  pit^ier  thickness;  die  dielectric  function 
is  then  obtained  by  inversion  of  the  higher  precision  (y,  A)  spectra.  It  is  possible  that 
systematic  errors  in  Ra,  however,  may  lead  to  an  inconect  thiclmss  and  hence  a  distorted 
tUelectric  function.  One  advantage  of  the  spectroscopic  approach  is  the  ability  to  select  the 
spectral  range  of  analysis  to  minimize  systematic  errens,  as  long  as  one  undentan^  dieir  origin. 

The  presence  of  systematic  errors  in  Ra  is  clear  from  the  relatively  large  magnitude  of  the 
average  error  in  Fig.  3  for  the  best  fit  diickness  of  22  A.  The  minimum  value  of  Or-0.0025  in 
Fig.  3  is  larger  than  would  be  expected  on  the  basis  of  random  errors  alone.  The  av^ability  of 
a  continuous,  leasonably-accurate,  two-paranxter  [(y.  A)]  analysis  for  this  deposition  (see 
Figs.  2  and  4)  allows  us  to  understand  the  origin  of  the  systematic  errors  in  Ra.  Namely,  they 
allow  us  to  calculate  the  predicted  reflectance  of  the  structure  R)^c>  based  on  the  deduced 
thickness  (Hg.  2)  and  optical  properties  (Rg.  4)  of  the  film.  Thus,  in  the  main  pan  of  Fig.  5 
we  plot  L(t)  =  (Ioc(t)~WO]/([lo(r*'Ioc(0]/2),  a  measure  of  the  difference  between  the  calculated 
(c)  and  experimented  (^reflrotancespetm,  for  the  deposition  of  Figs.  1  and  2  at  selected  times 
in  the  nucleation  regime  (lines).  Positive  values  over  the  full  range  show  that  the  calculated 
reflectance  is  as  much  as  2.5%  higher  than  the  measured  reflectance.  This  would  be  consistent 
with  a  loss  mechanism  in  the  experiment  due  to  non-s]^ular  light  scattering  from  the  beam. 

The  observed  reflectance  Ra  was  found  to  increase  abruptly  to  values  close  to  the 
predicted  reflectance  Rac  upon  extinguishing  the  plasma.  This  demonstrated  that  the  scattering 
arises  from  particulates  in  the  plasma.  In  fact,  the  loss  function  L(t)  is  defined  to  be 
proportional  to  the  total  integrated  scattering,  assuming  L(t)«l.  The  inset  of  Fig.  5  shows  that 
the  scattering  loss  by  plasma  particulates  obeys  a  X“*  dependence,  where  \  is  the  wavelength  of 
light  Thus,  the  loss  is  consistent  with  Rayleigh  scattenng  from  particles  much  smaller  than  X. 
Such  scattering  does  not  influence  the  (y.  A)  spectra  as  demonstrated  by  the  polarization- 
independence  m  the  scattering  loss,  measured  in  transmission  thtou^  the  plasma. 

Now  the  limitations  of  the  3-p  analysis  of  Figs.  3  and  4  can  be  understood  in  greater 
detail.  The  parameter  Ra  decreases  as  a  function  of  time  during  the  growth  of  a-Si;H  on  Cr  due 
to  tire  higher  reflectance  of  the  metal  compared  to  the  semiconductor,  thus  5Ra/Ka,si±<^ 

1.  As  a  result,  any  loss  of  reflected  light  due  to  scattering  by  particles  in  the'^asma  will 
simulate  an  increase  in  thickness,  provkling  that  the  dielectric  function  is  fixed  in  the  analysis.  It 
is  for  this  reason  that  the  analysis  in  Fig.  2  was  confined  to  photon  energies  of  3.0  eV  and 
lower  where  the  scattering  due  to  particulates  in  the  plasma  is  minimized. 
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Fia.  5  Scattering  loss  L 
calculated  accmding  to  1^.  (4) 
and  plotted  as  a  function  of 
photon  energy  for  the  a-Si;H 
deposition  of  Rg.  1.  The  results 
were  obtained  at  different  filna 
thicknesses  in  the  nucleation 
process.  The  loss  in  this  case  is 
due  to  light  scatteriM  front 
particles  in  the  plasma.  Ine  inset 
shows  selected  data  plotted 
versus  X'^,  where  X  is  the 
wavelength  of  the  light 


Fig.  6  Scattering  loss  L  from  Eq.  (4) 
plotted  as  a  function  of  photon  ener^  for 
two  different  a-Si:H  depositions  with  rf 
power  fluxes  of  0.052  (solid  line)  and  0.52 
mW/cm^  (broken  line).  These  results  were 
obtained  at  thicknesses  of  22±1  A,  just 
prior  to  coalescence. 


1.5  2.0  2.5  3.0  3.5  4.0 
PHOTON  ENERGY  (eV) 


In  spite  of  the  apjiarent  difficulties  that  the  li^t  scattering  places  on  the  interpretation  of 
the  3-p  data  set.  useful  information  on  plasma  particulates  can  be  obtained  concurrently  with 
ellipsomeiiic  infrxmation.  For  example,  Rg.  6  ^ws  the  difference  between  the  calculate  and 
experimental  reflectance  spectra  at  the  same  stage  in  the  deposition  process  (22±1  A)  for  two 
films  of  a-Si:H  prepared  at  power  levels  of  2  W  and  20  W.  Because  the  roagnitu^  of  the 
variations  in  Rg.  6  scale  wi  A  the  integrated  scattering  loss,  the  trends  there  are  consistent  with 
common  experience;  namely,  that  the  concentration  of  plasma  particulates  is  minimizod  under 
low  plasma  power  conditions.  Obviously,  plasma  partic^ates  are  undesirable  in  the  preparation 
of  thin  film  materials  [11],  particulaily  in  a-Si:H  which  is  used  in  a  wide  variety  of  electronic 
applications.  The  magnitude  of  the  scattering  loss  allows  one  to  assess  the  problem  and  choose 
a  plasma  configuration  and  preparation  conditions  that  minimize  its  occurrence. 
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ABSTRACT 

Phase  modulated  Spectroscopic  EUipsometry  (SE).  in  the  spectral  range  from  l.SeV  to 
4.6eV.  was  employed  to  characterise  thin  film  polysilicon  (poly-Si)  deposited  by  Low  Pressure 
Chemical  Vapour  Deposition  (LPCVD)  on  SiO2/Si(100)  sulistrates  as  a  function  of  process 
parameters.  Die  LPCVD  deposition  temperature  was  varied  from  SSO'C  to  6^’C  for  silane 
pressures  ranging  from  lOOmTorr  to  230mTorT.  A  variation  in  poly-Si  microstructure  was 
observed  as  a  function  of  film  depth.  The  influence  of  deposition  conditions  on  poly-Si  surface 
morphology  was  quantified  using  both  atomic  force  microscopy  (AFM)  and  SE.  An  increase  in 
the  measured  Raman  TO  phonon  amplitude  was  observed  for  the  620*C  sample  set  as  a 
function  of  increasing  LPCVD  process  pressure. 


INTRODUCTION 

Polycrystalline  silicon  (poly-Si)  is  widely  used  in  microelectronic  and  photovoltaic 
applications  [1.2].  The  microstructural  properties  of  this  material  are  highly  process 
dependent  A  variation  in  microstnicture  can  have  a  signiHcant  effect  on  the  resultant  material 
properties  and  impact  process  integration.  Therefore,  on-line  fabrication  process  control  of 
deposited  thin  film  poly-Si  is  essen^. 

To-date,  a  laige  volume  of  date  has  been  published  on  the  optical  characterisation  of 
poly-Si  [3-9].  These  studies  have  highlighted  the  signiHcant  variation  in  optical  response 
observed  as  a  function  of  growth  technique,  in  particular  for  atmospheric  and  low  pressure 
chemical  vapour  deposition  (LPCVD).  Recently,  the  optical  properties  of  fine-grain  and  large- 
grain  poly-Si  have  been  measured  using  spectroscopic  ellipsometry  (SE)  [7].  However,  a  lack 
of  experimental  data  exists  detailing  the  variation  in  optical  response  as  a  function  of 
deposition  process  parameters.  In  this  work,  the  optical  res^nse  of  thin-film  LPCVD  poly-Si 
is  investigated  as  a  Inunction  of  both  process  temperature  and  pressure  using  a  phase  modulated 
SE  technique. 


EXPERIMENTAL 

LPCVD  deposition  of  poly-Si  was  performed  in  a  THERMCO  diffusion  furnace.  The 
poly-Si  layers,  of  target  thickness  2()OOA.  were  deposited  onto  thermal  silicon  dioxide  (layer 
thickness  SSOA)  on  single  crystal  CZ  n-type  2-4  ncm  Si(lOO)  substrates.  The  LPtVD 
deposition  temperature  was  varied  from  55()’C  to  620"C  for  silane  pressures  ranging  from 
lOOmTorr  to  230mTorr  with  the  experimental  matrix  detailed  in  table  I. 

SE  analysis  was  performed  in  the  energy  range  1.5eV  (826nm)  to  4.6eV  (270nm)  using 
a  Jobin-Yvon  phase  modulated  ellipsometer  at  a  measurement  interval  of  0.02eV.  The  beam 
spot  size  was  approximately  5x2rom  at  an  angle  of  incidence  of  68*. 

Atomic  force  microscopy  (AFM)  was  used  to  characterise  the  surface  morphology  of 
the  LPCVD  poly-Si  thin  films  as  a  function  of  deposition  conditions.  Image  acquisition  was 
performed  using  a  Park  Scientific  AutoProbe  AFM  (Model  AP-lOO).  The  andysis  area  for  each 
micrograph  was  4pm  2.  Raman  spectra  were  recorded  using  a  Jobin  Yvon  micro-Raman 
spectrometer  at  a  4S7.9nm  laser  line.  The  calculated  laser  intensity  at  the  sample  surface  was 
2mW  cm'2 . 
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Table  I :  LPCVD  poly-Si  deposition  parameters  along  with  AFM  surface  roughness 

measurements 


Sample 

No. 

Deposition. 

Temperature 

(°C) 

Deposition 

Pressure 

(mTorr) 

SiHi 

Flow 

(scmm) 

Deposition 

Rate 

(A/min) 

Surface 

Roughness 

(A) 

A 

620 

100 

32 

60 

176 

B 

620 

150 

70 

84 

203 

C 

620 

200 

41 

67 

95 

D 

620 

230 

70 

84 

127 

E 

580 

100 

38 

24 

F 

580 

150 

79 

32 

34 

G 

580 

230 

79 

32 

H 

550 

100 

41 

12 

I 

550 

150 

82 

15 

11 

J 

550 

200 

54 

13 

K 

550 

230 

82 

15 

RESULTS  AND  DISCUSSION 

The  measured  imaginary  part  of  the  pseudodielectric  functions  for  the  230  mTorr  series 
of  LPCVD  samples,  plotted  from  2.6eV  to  4.6eV,  are  presented  in  figure  1.  Significant 
differences  are  observed  in  the  optical  properties  of  the  three  samples  reflecting  the  complex 
microstructure  of  the  poly-Si  thin  films  as  a  function  of  LPCVD  de^sition  conditions. 


Energy  (eV) 

Figure  1:  Measured  imaginary  parts  of  the  pseudodielectric  function  spectra  for  samples  D,  G 
and  K  over  the  spectra]  range  2.6eV  to  4.6eV. 
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The  measured  SE  spectra  were  analysed  using  the  three  layered  optical  model  detailed 
in  figure  2.  The  dielectric  function  data  employed  for  the  poly-Si  layers  was  fine  grain  poly-Si 
[7]  for  depositions  at  620'C  and  amorphous-Si  (a-Si)  [10]  for  deposition  temperatures  below 
this.  A  fine  grain  poly-Si  dielectric  function  was  used  as  the  transition  temperature  from  a-Si  to 
crystalline  poly-Si  occurs  between  S80*C  to  600*C  [11].  The  Bruggeman  effective  medium 
approximation  was  employed  to  model  inhomogenous  layers  [12].  The  goodness  of  fit  between 
the  experimental  and  best  fit  simulated  SE  spectra  is  given  by  the  value  of  from  a  least 
squares  fitting  routine. 

Calculated  values  ranged  from  15.5  to  19. 1,  7.5  to  16.3  and  8.4  to  9.4  for  the  620°C. 
580''C  and  550*C  sample  sets  respectively.  The  reason  for  poor  spectral  fitting  can  be  observed 
from  the  calculated  best  fit  simulated  SE  spectrum  presented  in  figure  3.  While  the  interference 
oscillations  are  well  modelled,  the  fit  is  poor  in  the  UV  spectral  region,  i.e.  the  near  surface  of 
the  poly-Si  layer. 


Figure  2:  Three  and  five  layered  SE  optical  models,  on  c-Si  substrates,  for  samples  deposited 
at  SSO'C  and  580'C.  For  deposition  at  620"C,  a-Si  was  replaced  by  crystalline  fine  grain  poly 

Si  in  the  models. 


Energy  (eV) 

Figare  3:  Experimental  (solid  lines)  and  best  fit,  employing  a  three  layer  optical  model, 
(dashed  lines)  pseudodielectric  function  spectra  for  sample  B. 
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It  was  clear  from  the  values  obtained  from  best  fits  to  a  three  layer  structure  that  a 
more  complex  microstructural  model  was  required.  A  model  incorporating  surface  roughness 
and  a  graded  refractive  index  for  the  thin  film  poly-Si  layer  was  therefore  elaborated.  The 
optimum  layered  structure  is  shown  in  figure  2(b).  The  experimental  and  best  fit  simulated 
(nve  layered  model)  SE  spectra  for  samples  B  and  J  are  presented  in  figures  4  and  5. 


1  15  2  2.5  3  3  5  4  45  5 

Energy  (eV) 


Figure  4:  Experimental  (solid  lines)  and  best  fit,  employing  a  five  layer  optical  model, 
(dashed  lines)  pseudodielectric  function  spectra  for  sample  B. 


1  1.5  2  2.5  3  3.5  4  4.5  5 

Energy  (eV) 

Figure  5:  Experimental  (solid  lines)  and  best  fit.  employing  a  five  layer  optical  model, 
(dashed  lines)  pseudodielectric  function  spectra  for  sample  J. 
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It  is  evident,  from  figures  4  and  S,  that  the  fits  in  the  UV  spectral  region  are  now  in 
good  agreement  wiA  the  experimental  data.  The  extracted  best  fit  material  parameters  for  the 
complete  LPCVD  sample  matrix  ate  tabulated  in  table  n.  Two  distinct  observations  can  be 
made  from  table  II;  firstly  that  the  flve  layer  model  proposed  in  figure  2(b)  has  significantly 
improved  values  and  secondly  that  the  near  surface  region  of  the  poly-Si  structure  (15%  to 
20%  of  layer  thickness)  is  less  dense  than  the  underlying  poly-Si  irrespective  of  process 
temi^ratute  as  reflected  in  the  test  fit  parameters  for  layers  3,  4  and  5.  Ite  values  of 
obtained  are  all  close  to  1  reflecting  the  improvement  in  fit  observed  in  figures  4  and  S.  This 
variation  in  microstructure,  calculated  from  an  effective  optical  response,  is  consistent  with 
previous  optical  data  [8,9]  and  maybe  ascribed  to  competitive  poly-Si  grain  growth  [5], 

Table  11:  Extracted  SE  parameters  for  five  layer  optical  models.  The  second  component  in 
the  layers  was  void.  For  samples  A  to  D,  a-Si  was  replaced  by  fine  grain  poIy-Si. 


Sample 

Layer  1 
'niicicness  (A) 
SiQz 

Layer  2 
Tbickness(A) 
Percentage  a-Si 

Layer  3 
Thickness  (A) 
Percentage  a-Si 

Layer  4 
Thickness  (A) 
Penentage  a-Si 

Layer  5 
Thickness  (A) 
Percentage  a-Si 

A 

848 

1762,  100 

176,  97 

50,  80 

80,  76 

4.1 

B 

859 

1763,  100 

190,  90 

71,  80 

34,  60 

1.5 

C 

846 

1712,  100 

190,  93 

85,  89 

72,  72 

2.7 

D 

846 

1679,  100 

257,  90 

15,  80 

72,  70 

2.0 

E 

845 

1708,  100 

237,  93 

82,  85 

21,  70 

2.0 

F 

846 

1378,  90 

165,  86 

179, 88 

17,  56 

2.6 

G 

853 

1543,  100 

337,  95 

76,  76 

93,  57 

1.0 

H 

849 

1800,  100 

308,  90 

52,  81 

23,  72 

0.7 

I 

850 

1730,  100 

347,  92 

70,  82 

21,  73 

0.6 

J 

848 

1531,  100 

426,  90 

95,  82 

16,  69 

0.5 

K 

848 

1568,  100 

395,  90 

83,  82 

18,  69 

0.5 

The  AFM  results  presented  in  table  I  show  surface  roughness  as  a  function  of  LPCVD 
poly-Si  deposition  conditions.  It  is  observed  that  the  measured  surface  roughness  is  process 
temperature  dependent  Figure  6  shows  the  AFM  images  of  the  surface  morphology  of  samples 
B  and  I.  The  difference  between  the  two  samples  is  striking.  The  AFM  micrograph  of  the 
surface  of  the  550"C  poly-Si  film  is  smooth  widi  large  grains  whereas  the  620”C  poly-Si  film 
has  a  rough  surface  with  small  needle-like  grains  and  complicated  surface  morphology.  No 
direct  relationship  was  found  between  the  degree  of  film  roughness  and  deposition  pressure  for 
poly-Si  fUms  deposited  at  620°C. 

Analysis  of  the  best-fit  material  parameters  for  layer  five,  extracted  from  the  measured 
SE  spectra,  shows  that  the  extracted  SE  data  is  consistent  with  the  AFM  results.  In  particular,  it 
details  that  as  the  process  temperature  decreases  die  surface  of  the  poly-Si  layers  become 
smoother.  Thin  film  LPCVD  poly-Si  layers  deposited  at  620”C  show  a  variation  in  roly-Si 
content  from  60%  to  76%  with  large  variations  in  layer  thickness  (34A  to  80A).  The 
intermediate  deposition  temperature  films  have  lower  percentages  of  poly-Si  in  layer  five,  56% 
to  70%,  and  lower  layer  thicknesses.  Deposition  at  550'C  is  characterised  by  a  high  percentage 
of  poly-Si,  69%  to  73%,  with  layer  thickness  less  than  23A  i.e.  smooth  surfaces.  It  should  be 
noted  that  the  difference  between  the  two  optical  models  (five  and  three  layer)  was  less  than 
5%  for  poly-Si  layer  thickness  determination.  Comparison  with  mechanictd  profilometry 
measurements  showed  a  maximum  difference  of  4%  in  poly-Si  layer  thickness  for  the  five 
layer  models. 
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Figure  6:  AFM  micrographs  of  the  surfaces  of  samples  B  and  I  over  1.4^m2. 

The  relationship  between  deposition  pressure  and  calculated  values  for  the  different 
deposition  temperatures  is  present^  in  flgure  7.  The  variation  in  values  for  the  LPCVD 
depositions  at  SSO‘C  is  small  (O.S  to  0.7)  indicating  that  the  optical  properties  of  the  amorphous 
poly-Si  deposited  at  SS0‘C  are  not  process  pressure  dependent  in  the  range  lOOmTorr  to 
23()mTorr.  A  similar  response  is  observed  for  the  580‘C  series.  However,  x^  values  vary 
considerably,  from  1.5  to  4.1,  for  poly-Si  deposition  at  620‘C.  One  may  therefore  conclude  that 
the  dielectric  function  of  crystalline  poly-Si  deposited  at  620‘C  is  process  pressure  dependent. 


80  120  160  200  240  80  112  144  176  208  240 

Depodlion  Pressure  (inTorr)  Deposition  Pressure  (mTorr) 


Figure  7:  Relationship  between  deposition  Figure  8:  Raman  TO  phonon  amplitude 

pressure  and  x^  values  for  the  five  layered  as  a  function  of  process  pressure  for  the 

optical  models  for  deposition  temperatures  LPCVD  depositions  at  620’C. 

550’C,580‘Cand620*C. 

In  order  to  further  elucidate  the  physical  mechanism  responsible  for  this  variation  in 
calculated  x^  values  as  a  function  of  deposition  pressure  Raman  spectroscopy  was  employed. 
The  TO  phonon  amplitude  as  a  function  of  deposition  pressure  at  620'’C  is  shown  in  figure  8. 
An  increase  in  TO  phonon  amplitude  as  a  function  of  increasing  process  pressure  is  observed. 


This  is  consistent  with  an  increase  in  the  integrated  crystalline  quality  of  the  LPCVD  poly-Si 
thin  films  [4],  It  should  be  noted  that  no  direct  relationship  was  found  between  the  degree  of 
film  roughn^  and  deposition  pressure  and  that  this  parameter  will  also  have  an  influence  on 
the  dielectric  function  response. 


CONCLUSIONS 

In  this  study  SE,  AFM  and  Raman  spectroscopy  were  employed  to  characterise  thin 
film  poly-Si  layers  as  a  function  of  both  LPCVD  deposition  pressure  and  temperature.  A  five 
layer  optical  mo^l  was  found  necessary  to  accurately  reflect  the  microstructure  of  the  LPCVD 
poly-Si  thin  films.  A  continuous  variation  in  the  optical  properties  consistent  with  a  variation  in 
poly-Si  film  microstructure  was  observed.  The  influence  of  deposition  conditions  on  film 
morphology  was  quantified  using  AFM  analysis  and  results  were  found  to  be  in  good 
agreement  with  material  parameters  extracted  from  SE  analysis.  Raman  spectroscopy  revealed 
an  increase  in  TO  phonon  amplitude  as  a  function  of  deposition  pressure  for  films  ^posited  at 
620°C  indicating  significant  variation  in  microstructure.  This  was  reflected  in  the  observed 
process  pressure  dependent  dielectric  function  of  the  620‘C  deposited  Elms  obtained  using  SE. 
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CHARACTERIZATION  OF  POLYCRYSTALLINE  SILICON  MULTILAYERS 
WITH  THIN  NITRIDE/OXIDE  FILMS  USING  SPECTROSCOPIC 

ELLIPSOMETRY 


L.M.  ASINOVSKY,  Rudolph  Research,  Fkmdeis,  NJ  07836 
ABSTRACT 

Spectroscopic  ellipsometry  has  been  used  to  characterize  oxide/poly-Si/oxide  with  thin 
nitride/oxide  layer.  Films  were  deposited  on  Si  substrate  using  low-pressure  chemical  vapor 
deposition  (LPCVD)  techniques.  The  measurements  were  taken  at  angles  of  incidence  of  65 
iind  70  degrees  in  the  wavelength  range  from  300  to  800  nm.  The  2uialysis  of  the  data  using 
effective  medium  and  two-dimensional  Lorentz  oscillator  approximations  identified  complete 
recrystallization  of  the  poly-Si  after  annealing  and  zuid  its  transformation  to  p  c-Si.  Three 
wafers  taken  at  the  sequential  stages  of  the  manufacturing  process  were  studied.  Although 
p2U'ameters  of  the  thin  nitride/oxide  layers  are  strongly  correlated,  reasonable  estimates  of 
the  thicknesses  were  found.  The  res><lts  were  consistent  with  the  measured  Auger  electron 
spectroscopy  (AES)  profiles. 


Introduction. 

SiOj/SisN^/SiOj  (ONO)  structure  is  widely  used  in  the  manufacturing  of  the  memory 
devices  as  a  dielectric  insulator  and  surface  passivation  material.  One  of  the  common  appli¬ 
cation  is  the  use  of  the  ONO  on  top  of  the  SiOj/polySi/SiOj  (OPO)  structure  deposited  on 
the  Si  substrate. 

In  order  to  characterize  the  properties  of  the  ONO  ,  it  is  important  accurately  determine 
thicknesses  and  structure  (  purity  of  the  material )  of  the  sublayers.  Precise  determination  of 
these  parameters  is  very  difficult  and  several  methods,  using  single-wavelength  eUipsometry 
of  etch-beveled  surface  [1]  or  IR  ellipsometry[2]  ,  were  developed.  However,  the  former 
method  is  destructive  and  the  latter  is  difficult  to  implement  for  OPO-ONO  structure. 

The  spectroscopic  ellipsometry  is  increasingly  used  for  characterization  of  the  challeng¬ 
ing  thin  film  structures  and  its  application  to  the  OPO-ONO  structure  has  been  recently 
reported[3].  Polysilicon  was  represented  using  EfFective-Medium-Approximation  (EMA)  and 
the  measurement  were  made  only  on  complete  OPO-ONO  wafer.  The  discrepancy  of  the 
EMA  representation  can  therefore  result  in  additional  errors  of  the  ONO  parameters  deter¬ 
mination. 

In  this  work  a  set  of  three  witness  wafers,  taken  at  the  sequential  stages  of  the  OPO-ONO 
manufacturing  process  was  measured  using  spectroscopic  ellipsometry.  Polysilicon  optica! 
constants  were  represented  using  harmonic  oscillator  model  ,  which  yields  better  fit  to  the 
model  then  EMA.  This  allowed  more  accurate  estimate  of  the  ONO  parameters.  The  results 
were  found  consistent  with  the  Auger  measurements. 


Measurement  and  data  reduction. 

P-type  Czochralski  {100}  silicon  16-25  fl  cm  wafers  were  used  as  substrates.  Wafers 
were  thermally  oxidized  ,  poly-Si  was  LPCVD  deposited  at  ~  650°C  ,  phosphorus  ion-doped 
(~  10'®  i/cm®)  and  annealed  for  2  hours  at  ~  1000°C  to  improve  stoichiometry.  Silicon 
dioxide  and  SisN^  were  subsequently  deposited  with  Plasma-Enhanced  CVD  (  PECVD). 
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Rapid  thermal  oxidation  (RTO)  in  dry  oxygen  was  used  to  reoxidized  surface  of  the  Si3N4.  A 
set  of  three  samples  (witnesses),  taken  at  the  sequential  stages  of  the  technological  process, 
were  measured  at  room  temperature  and  atmosphere  (fig.2 ).  Spectra  were  taken  at  two  angle 
of  incidence  (75  and  60  deg.)  in  the  range  of  300  to  800  nni  in  5  nm  intervals  (100  points). 
Rudolph  Research  S2000  Spectroscopic  Ellipsometer  was  used  for  measuring  and  modeling 
of  the  data.  Auger  Electron  Spectroscopy  depth  profiling  was  done  for  the  sample#3  with 
I/im,  3keV  measuring  electron  beam  in  the  Ixlmm  area,  sputtered  by  140pA/cm’  ,  2keV 
electron  beam. 

Spectroscopic  ellipsometry  provides  cos  A  ,  tan  4’  spectra,  where  A  and  are  ellipso- 
metric  angles  that  describe  reflection  of  the  polarized  light  from  the  samples.  The  physical 
parameters  of  the  sample  are  found  by  modeling  of  A,  4*  spectra  and  compsiring  it  to  the 
measured  one  .The  best  fit  to  the  experimental  data  is  achieved  by  minimizing  X^(Pi--i Pm) 
merit  function  with  Marquardt-Levenberg  linear  regression  algorithm,  where  pi...,p„  are 
physical  parameters  to  be  found[4]: 

_  1  ^  ^  ^catc(pi"P^)—  4’exp^  ^Ae«/<;(Pl"Pm)~  j 

where  N  -  number  of  points  in  the  measured  spectrum,  H^i,  Wj  -  weight  coefficients,  oa 
and  <7«  are  standard  deviations  of  the  respective  measured  values  .  Standard  deviations 
(Spi)  of  the  parameters  Pi  are  determined  from  the  covariance  matrix  C  :  jp,  = 
where  Cij  =  error  (FE)  is  used  to  compare  the  quality  of  the  fit: 

FE=x(<ra  — *  l,*^#  — *  !)• 

Several  approaches  are  used  to  represent  optical  properties  of  the  materials.  Standard 
reference  spectra  [5]  is  used  for  Si  substrate  and  SiO}  thermal  oxide.  Bruggeman  EMA  is 
used  to  represent  optical  response  of  the  polysilicon  and  oxynitride  The  effective  refr2u:tive 
index  ns  in  this  approximation  can  be  obtained  &om  the  following  equation  : 


where  A,  rii  are  volume  fractions  and  refractive  indices  of  the  constituents,  respectively. 

Harmonic  (2D-Lorentz)  Oscillators  approximation  (HOA)  [7][9]  is  used  to  represent  op¬ 
tical  constants  spectrum  of  the  polysilicon  (  pc—  Si); 


-f  iTo  E  —  E„  +  iFo 


where  c  =  cj  -b«ej  is  a  dielectric  function,  n=4,  Aa  =  |Ao|e'*”  ,  Ea  and  To  are  amplitude, 
energy  and  dumping  coefficient  of  the  a  —  th  oscillator,  E  is  energy(wavelength)  in  eV. 


Analysis  of  the  results  and  discussion 

The  modeling  of  the  samples  #1,  #2,  #3  was  done  sequentially  ;  the  film  stack  found 
from  the  sample#!  was  assumed  unaltered  and  used  in  further  analysis  of  samples  #2  and 
#3.  The  general  pattern  of  the  A,  ♦  spcctra(  fig.  3)  behavior  is  set  by  the  OPO  structure. 
Addition  of  the  relatively  thin  layers  of  Si  nitride  and  oxide  on  the  top,  causes  almost 
P2urallel  shift  in  vertical  direction  of  the  UV  shoulder  (  where  poly-Si  is  opaque)  and  sm2dl 
change  in  the  wavelength  position  of  the  interference  peaks.  This  observation  emphasizes 
the  importance  of  accurate  description  of  the  underlying  OPO  structure  and  receiving  of  the 
good  fit  to  the  measured  data. 
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Poly-Si  WM  first  modeled  using  Bruggeman  EMA  with  c-Si,  a-Si,  SiOj  as  a  constituents 
of  the  composite  mixture.  The  modeling  procedure  for  this  type  of  application  is  described 
in  details  elsewhere  [6]  and  was  followed.  The  layer  was  represented  by  two  films  to  reflect 
the  presence  ol  the  roughness  interface.  The  thicknesses  of  all  layers  and  constituents  volume 
fractions  of  the  poly-Si  films  were  iterated.  The  results  of  the  best  fit  (fig.  1  )  suggest  that 
poly-Si  layer  was  almost  completely  retaystallized  during  annealing  with  small  concentration 
(6%)  of  the  a-Si  and  virtually  no  SiOj  or  void  network  in  the  interface  layer.  However, 
distinctive  discrepancies  of  the  fit  in  the  UV  and  IR  ends  of  the  spectrum  indicate  that 
these  results  must  be  taken  very  cautiously  and  can  serve  only  as  a  raw  estimate  of  the 
real  structure.  The  behavior  of  the  spectrum  calls  for  the  increase  of  the  ’amorphization’ 
in  the  top  part  of  the  poly-Si  -  to  smoothen  the  365  nro  peak  without  increase  in  the 
absorption  ,  unavoidably  brought  in  by  the  a-Si,  as  it  can  only  worsen  the  fit  in  the  NIR.  The 
most  plausible,  explanation  of  this  behavior  is  that  EMA  can  not  correctly  represent  optical 
properties  of  the  recrystallized  poly-Si  (pc— Si)  .  One  of  the  main  reasons  is  broadening  of 
the  interband  transition  peaks  due  to  disordering  and  finite  crystallite  size  [7][8].  As  a  result 
the  effect  of  the  micro-crystallinity  is  most  significant  in  the  vicinity  of  these  critical  points 
(CPs)  -  in  our  case  2D  CP  at  365  nm,  which  arises  from  the  transition  along  the  P— L  axis 
of  the  Brillouin  zone. 

It  is  appropriate,  therefore,  to  apply  Harmonic  Oscillator  (HO)  representation  of  the 
dielectric  function.  The  model  parameters  of  sample#!  found  in  EMA  were  used  with 
the  top  poly-Si  film  represented  by  HO.  The  thicknesses  of  all  films  and  parameters  of 
the  oscillators  were  allowed  to  adjust  .ExceUent  fit  was  achieved  in  the  UV  shoulder,  but  no 
improvement  in  the  IR  part  of  the  spectrum  .  Thicknesses  of  the  layers  almost  did  not  change 
(fig.l),  but  optical  constants  spectrum  ,  modeled  with  HO  ,  assumed  characteristic  for  pc— Si 
shape  (fig.3).  It  is  interesting  to  notice,  that  the  optical  constants  spectrum  received  in  HO 
approximation  has  exactly  the  same  behavior  as  previously  reported  spectrum[6]  derived  by 
direct  iteration  on  optical  constants  during  simultaneous  modeling  of  data  taken  at  two  AOI 
on  a  similar  sample. 

It  is  conceivable  that  long-range  order  was  not  completely  restored  during  recrystalliza¬ 
tion  process,  which  causes  some  deviation  from  the  c-Si  .To  check  what  kind  of  correction  of 
the  optical  constants  spectrum  can  bring  about  the  improvement  in  the  fit  in  the  NIR  range, 
the  HO  approximation  was  also  applied  to  the  third  layer  .  All  parameters  of  the  filmstack 
were  allowed  to  adjust  to  achieve  the  best  fit  .  Discrepancy  in  the  NIR  disappear  but,  re- 
mukably,  the  optical  constants  spectra  generated  using  HO  approximation  was  practically 
undistinguishable  from  reference  spectrum.  The  only  difference  was  the  decre>ise  on  0.01  in 


a).  b).  c).  <t). 

fig.l  Models  of  the  sample jfl I  ;  a).  Nominal  filmstack  ;  b).  modelffll  (  EMA  repre¬ 
sentation):  filmffl2-  c-Si,  film#S-  0.94  +  0.06  aSi;  FB=1.78,  x^=04-6  ;  c).  model#S 

(Combined  EMA  and  HOA)  FE=3.6,\^=40  ;  d).model#3  (HOA):  parameters  of  HO  -  in 
Table  S,  FE=3.08,x‘=2.1. 
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Table  I:  Parametera  of  the  oscillators  in  HOA  of  saniple#l(inodel#3) 


giBoai 


FUm#a 


/tc-Si  (HOA)  FUm#3 


4.2592 

0.4137 

10.3197 

17.3454 

6.4845 

0.01 
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2.6473 
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Si  Substrate 
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Sample  #/ 


SamplejffS 


Sample#S 


fig.S  .  Results  of  the  modeling  Samples  Jjft-  03. 

±  •  indicates  90%  confidence  interval  for  thickness  value,  which  was  iterated  during  the 
modeling.  Sample01  :  FE—3.08  (HO  parameters  are  in  Table  I).  Sample02: 

=  4.2,  FE=0.5,  Silicon  Nitride  EMA:  0.842i:0.002  Si^N^  +  0.158  SiOj.  Sample#S:  \^=2S. 
FE=0.85. 


Modeling  of  the  sainple#2  was  done  using  results  of  the  sample#!.  Best  fit  was  achieved 
by  iteration  on  thickness  and  constituents  volume  fractions  of  silicon  nitride  using  EMA 
representation  (fig.2).Sample#3  was  received  by  oxidation  (RTO)  of  sample#2.  First  mod¬ 
eling  was  done  in  the  aissumption  that  oxidation  affected  only  two  top  layers  and  underlying 
structure  did  not  changed.  Thickness  and  volume  fractions  of  silicon  nitride  (in  EMA)  and 
thickness  of  the  top  SiO]  were  used  as  adjustable  parameter.  No  reasonable  fit  was  achieved. 
The  growth  of  the  oxide  at  the  inner  surface  of  the  nitride  layer  reported  by  T.S.Chao  et 
al  [l]  can  be  a  possible  explanation.  During  the  oxidation  optical  thickness  is  practically 
invariant.  This  fwt  Md  the  thickness  of  the  layers  makes  the  problem  very  ambiguous  and 
dependant  upon  initial  values.  Correlation  of  the  parameters  result  in  significant  uncertainly 
of  the  thickness  values  (fig.2),  which  neither  further  UV,  nor  reflectivity  measurements  can 
improve  [10]  .  However,  correct  selection  of  the  initial  approximation  gives  a  good  estimate 
of  the  thickness  of  the  films  even  with  crude  model  of  sharp  interfaces.  Auger  profile  mea¬ 
surement  gave  consistent  results  for  the  thicknesses  of  the  films,  indicated  presence  of  ~  5% 
of  SiOj  in  the  Nitride  layer  and  ~  bX  interface  layer  between  nitride  and  oxide;-  this  is 
within  margin  of  error  due  to  correlation  of  the  parameters  in  ellipsometric  measurement. 
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(a) 


NavvlMiftli  (iM. ) 

(b) 


Fig.3  Best  fit  results  .  a).  Sample  jjll,  Model  1  (EMA  representation);  b).n,k  of  the 
pc  —  Si  calculated  in  HOA  compared  to  reference  c-Si  spectrum  c).  Sample  ^2;  d).  Sample 
#3.  Dotted  line  -  measured  data  (for  b  -  HOA  calculated  n,k  ),  —  (solid  line)  calculated 
spectra  (for  d  -  reference  spectra). 


Conclusion 
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Spectroscopic  ellipsometry  has  been  used  to  char2u;terize  oxide/  poly-Si/oxide/nitride/oxide 
(OPONO)  structure  on  the  Si  substrate.  Analysis  of  the  fhita  taken  at  AOl  75°  and  65°  deg. 
in  300-800  nm  spectral  range  identified  complete  recrystal  I  i/ation  of  the  poly-Si  after  anneal¬ 
ing  and  suggested  its  transformation  to  the  pc— Si.  Modeling  of  the  results  using  Bruggeman 
EMA  and  HOA,  showed  that  Harmonic  Oscillators  representation  significantly  improves  the 
ht  and  yields  results  consistent  with  the  that  received  by  direct  iteration  of  optical  constants 
in  modeling  of  Multiple  Angle  of  Incidence  data. 

Finally,  accurate  representation  of  the  underlying  OPO  structure  and  analysis  of  the 
samples  taken  at  the  sequential  stages  of  the  technological  process  allowed  to  estimate  thick- 
nessess  of  the  ONO  sublayers. 
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ABSTRACT 

In-situ  dual-wavelength  ellipsometry  and  laser  li^t  scattering  have  been  used  to  monitor 
growth  of  Si/Si  |.^Ge  heterojunction  bipolar  transistor  and  multi-quantum  well  (MQW)  structures. 
The  ^wth  rate  of  B-doped  Si^  gGeq^  has  been  shown  to  be  linear,  but  that  of  As-doped  Si  is 
non-Unear,  decreasing  with  tiirie.  Mfractive  index  data  have  been  obtained  at  the  growth 
temperature  for  x  =  0.15,  0.20,  0.25.  Interface  regions  -  6-20A  thickness  have  been  detected  at 
hetero-interfaces  and  during  interrupted  alloy  growth.  Period-to-period  repeatability  of  MQW 
structures  has  been  shown  to  be  +1ML. 


INTRODUCTION 

As  the  complexity  of  device  structures  increases  it  is  becoming  more  important  to  produce 
multilayer  structures  to  a  precise  specification.  Si.  alloys  are  under  investigation  for 
applications  in  heterojunction  bipolar  transistors  (HBT)  and  MQW  far-IR  detectors.  These 
structures  require  growth  of  very  thin,  strained  layers  with  well  controlled  constant,  cr  graded, 
composition  and  dopant  profiles.  Achievement  of  the  ultimate  performance  of  such  devices  may 
require  in-situ  process  control.  This  paper  reports  real-time  monitoring  of  low-pressure  vapour 
phase  epitaxial  (LPVPE)  growth  of  both  HBT  and  MQW  structures  using  in-situ  dual-wavelength 
ellipsometry  (DWE)  and  laser  light  scattering  (LLS).  We  have  previously  used  these  techniques 
to  optimise  the  growth  of  high  quality  homoepitaxial  Si  layers  and  preliminary  results  on 
Si(.^Ge^/Si  heterostructures  have  been  repotted  recently^’^. 


EXPERIMENTAL 

The  epitaxial  layers  were  grown  on  Si  (001)  substrates  by  LPVPE  in  a  UHV -background 
stainless  steel  reactor  described  previously"*,  growth  temperatures  being  in  the  range  610-750°C. 
GeH4  and  SiH4  in  ratios  of  0.05-0.08:1  were  used,  together  with  H2  at  total  pressures  of  --15Pa, 
to  ptMuce  alloy  layers  with  0.15  ^  x  ^  0.25.  B2Hg  and  ASH3  were  used  for  p-  and  n-type  doping, 
respectively.  Heterostructures  were  usually  grown  by  using  a  10-20s  growth  interrupt  at  each 
interface  to  establish  correct  gas  ratios  before  switching  into  the  growth  chamber,  total  gas 
pressure  being  maintained  by  balance  H2  during  the  interrupt. 

In-situ  DWE  measurements  were  matfe  using  the  364nm  (3.41eV)  and  488nm  (2.54eV)  lines 
from  an  Aij*’  laser  at  70°  angle  of  incidence,  together  with  a  rotating-analyzer  system  as  described 
previously  LLS  measurements  were  made  using  the  488nm  line  tom  the  same  source  beam, 
the  scattered  intensity  (I)  being  monitored  nortt^  to  the  wafer  A-y  (phase  difference- 
amplitude  ratio)  data  at  the  two  wavelengths  were  recorded  once  per  second  and  I  was  sampled 
once  every  2s.  The  A-y  data  were  converted,  after  correction  for  window  effects,  into  pseudo- 
refn^tive  index,  <B>  =  <n>  +  i<k>,  or  pseudo-dielectric  function,  <E>  =  <E|>  +  i<E2>. 

data'.  The  data  were  fitted  using  a  regression  analysis  package^  which  allows  fitting  of  optical 
constants,  layer  thicknesses  and  growSi  rates,  based  on  ideal  abrupt  interfaces  and  the  Fresnel 
reflectance  relations. 
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RESULTS  AND  DISCUSSION 


The  two  wavelengths  used  in  OWE  were  chosen  to  have  a  high  and  low  penetration  depth 
(-Ipm  at  X=488nni,  -O.Olpm  at  L=364nin)  to  provide  complementary  information.  Thus,  the 
visible  wavelen^  provides  a  real-time  measurement  of  growth  rate  for  relatively  thick  layers, 
while  the  UV  wavelength  gives  a  real-time  indication  of  composition  and  microsc^c  surface 
roughness.  In  arklition,  LLS  gives  informatioii  on  surface  morphology,  being  smsitive  to  surface 
roughness  with  lateral  s^adal  wavelength  ^  yjl.  Sii.^Ge.  has  a  tend^y  to  grow  on  Si  with  an 
undulating  surface  to  minimise  the  elastic  strain  ener^  due  to  the  lattice  misnuuch”.  LLS  and 
DWE  have  shown''^  that  the  delay  before  onset  of  this  surface  roughness  decreases  and  its  rate 
of  development  increases  as  the  growth  temperature  or  Ge  content  increases.  A 
composition/growth  temperature/thickness  regime  has  been  identified  for  the  growth  of  smooth, 
fully  straiiied  alloy  layers.  Thus.  SiggCeg^  grown  at  TSOX  shows  rapid  roughening  (detected 
after  -80^  whik  at  610°C  layers  remain  smooth  until  thicknesres  -ISOOA  have  been 
deposited  '.  For  x  -O.IS.  thicker  layers  can  be  deposited  even  at  700°C.  without  roughening. 

Figure  1  shows  DWE  traces  (A  ody)  obtained  during  growth  of  the  p-type  base  a^  n-type 
emitter  regions  of  a  HBT  structure.  lower  penetration  depth  of  A;=364nm  is  evident  since 
A  rapidly  reaches  a  constant  value  representative  of  ft  for  bulk  SiogCko^  while  interference 
fringes  continue  for  the  other  wavelength.  This  can  be  seen  more  clearly  in  figure  2  which  shows 
extenrted  growth  of  Si^  gGcg  j  at  610°C.  In  the  fit  to  these  data,  ft  is  allow^  to  be  dirferent  at 
each  wavelength  but  t's  kept  constant  as  a  function  of  time,  except  for  a  -lOA  anomalous 
interface  region  which  will  be  discussed  in  more  detail  later.  Further  constraints  on  the  fit 
parameters  are  imposed  by  the  requirement  that  the  growth  rate  is  the  same  at  each  wavelength. 
Thus,  the  data  for  the  bulk  of  the  layer  are  very  well  fitted  by  a  model  assuming  growth  of  a 
layer  with  constant  ft  at  a  constant  rate  of  1. 05(40.01  )A/s.  No  change  in  growth  rate  as  a 
function  of  time  was  detected  for  undoped  or  B-doped  SiqgGeg2-  However,  as  can  be  seen  in 
figure  1,  the  fringe  separation  for  As-doped  Si  increases  with  time,  indicating  a  decreasing  growth 
rate^.  Growth  of  undoped  Si  produces  a  regular  set  of  fringes  (not  shown),  giving  a  constant 
growth  rate  of  7.65  (+p.02)A/s  at  700'’C.  Growth  of  Si:As  with  AsH3/SiHa  ratios  of  3.8  x  10  ° 
commenced  at  the  same  rate  but  this  decreased  gradually  to  ~2.5A/s  after  ^ut  25inin.  This  is 
believed  to  be  due  to  As  surface  segregation  and  these  results  will  be  discussed  elsewhere. 


IN-SITU  ELUPSOMETRY  OF  SiG«/Si  HBT 


Figure  1 .  DWE  traces  (A  only) 
for  growth  of  HBT  structure. 


Figure  2.  DWE  traces  for  Sig  oGcg  j 
growth  on  Si  at  610“C.  Top  and  bottom 
traces  are  for  A,  =  488nm. 
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The  anomalous  initial  growth  regioo  mentiooed  eariiet  can  be  seen  more  deady  in  figure  3 
which  shows  results  from  -lOOA  growth  of  (A-B)  fidlowed  by  Si  growth.  A  (frsdnct 

change  can  be  seen,  pattkuiariy  at  UsdSSnm,  after  hbont  IQs  alloy  growth.  The  fits  which 
deviate  maikedly  from  die  data  are  obtained  from  models  assuming  growth  of  a  single  uniform 
alloylayerftdlowedby  asin^unifbrmSi  layer.  The  fits  which  agree  well  with  the  data  include 
an  iitteinoe  hmr  with  diflmnt  optical  constants  to  the  bulk  and  are  shown  in  more  detail  for 
X;s364nm  in  figure  4.  Rv  fins  inodel,  the  optical  constants,  growth  rate  and  diickness  of  an 
layer  at  each  hefeerqionctiao  have  alro  been  fitted.  Typically,  the  layer  tu  the  intmfooe 
of  SiojgG^j  (HI  Si  is  -lOA  tmck  while  that  at  the  Si  on  Sio>G^j  interfiax  is  -20A,  both  having 
growth  rates  between  the  bulk  Si  and  SiogGe^JL  ^  words,  there  is  a  time-dqiendent 
build-up  of  the  growth  rate  of  Sio^Ge^j  on  Si,  and  an  initial  enhancement  of  that  of  Si  on 
SiggCleo^,  in  agroement  with  theigmclusions  from  nxdecnlar-beam  epitaxy  (MBE)  growth  studies 
based  on  Ge  surface  segregation  .  Because  of  high  pinmeter  correlations  for  th^  vmy  thin 
Inets  there  are  large  co&dence  limits  tm  die  optical  constants.  Real-time  qjectroscopic 
elhpscHnetry  measurements  now  in  prepress  should  provide  mom  information  on  the  optical 
constants  of  these  interface  layers. 

Phrther  infonnati<»  (m  intoface  regions  has  been  obtained  by  studying  interrupted  Sii.^Ge. 
alloy  growth.  Hgure  S  shows  data  taken  during  growdi  of  Sig  is  in  the  form  of 

<ei>-<E2>  tnuectoties.  The  fit  shown  from  A  ro  B  is  calculated  for  gro^  of  a  uniform  allov 
la^  on  Si.  A  repeated  pM  of  this  depositkm  is  also  shown  which  was  interropted  after  -tiOA 
of  growth  at  p(^  B.  During  die  internqit  <Hily  Hj  is  in  the  growth  chamber  and  no  movement 
of  the  locos  point  (B)  was  observed,  (te  lesunqmon  of  the  gnmth,  the  point  moved  to  lower 
values  at  cons^t  <e|>,  which  is  equivalent  to  the  beginning  of  a  movement  back  to  the 
Si  point  After  -lOA  of  gros^  the  tnqectory  resumes  its  ailoy-growfo  diiection  to  point  C.  A 
foimer  interr^  at  C  cause  a  similar  Si-Uke  growth  on  resnnqition  (C-D),  as  shown  by 
comparison  with  the  trajectory  obtained  during  Si  ciq>  ^wth  (D-A)  which  returns  to  the  starting 
point  Hgiue  6  shows  results  of  a  similar  growth  run  at  610*C  interrupted  at  B  and  D.  The 
anomidous  interface  regions  aftor  resumpticHi  of  growdi  (B-C  and  D-E)  have  been  fitted  here  by 
12-13A  of  a  layer  with  the  same  optical  constants  as  die  Si  substrate,  befine  nnitinuaticHi  of  the 
ahoy  layer  growth  (C-D  and  E-P).  These  data  therefore  indicate  that  a  Si-like  r^on  is  grown 
first  on  resnnqiticHi  of  the  growth.  Confirmation  of  a  reduced  Ge  content  can  be  seen  in 
secondary  i(m  mass  spectroscopy  (SIMS)  profiles  through  interrupted  regions  .  Comparison  of 


Figure  3.  DWE  traces  for  Sin gGen^  growth 
(fr^  A)  on  Si  at  610°C  followed  by  10s 
delay  (B)  and  Si  growth.  Top  and  bottom 
traces  are  for  X  =  488tun. 


Hgure  4.  A,  y  traces  at  X  =  364  run  as 
in  figure  3. 
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Figine  5.  <£)>  •  <z^  tiaoes 

and  A^)  on  Si  at  700°C. 
Growth  run  A-D  was 
intenim^  at  BhkIC  for 
10s.  Si  cap  growth  is  from 
D-A. 


figures  S  and  6  shows  that  diis  ‘homo-interface’  effect  is  reduced  only  sligl^y  (by  -25%)  by 
increasing  the  growth  temperature  from  610°C  to  700°C.  However,  at  the  big^  ten^rature, 
the  anourous  heteio-inter&oe  (SiGe  on  Si)  effects,  possibly  related  to  Ge  segregation,  have 
virtually  disappeared,  m  agreement  with  foe  MBB  results,  which  also  indreated  a  strong 
temperature  d^endence  .  lluis,  the  hcuno-intRfoce  effect  may  have  a  different  origin  and  may 
be  related  to  the  dififeient  H-terminated  surface  environments  of  foe  Si  and  alloy  surfaces. 
Fhrther  experiments  are  in  progress  to  obtain  a  clearer  understanding  of  this  phenomenon. 

Before  eUipsometry  can  be  applied  for  process  control,  a  database  is  remiited  of  fi  at  foe 
growth  teniperature  as  a  function  of  conqiosition  for  severd  wavelengths,  ngure  7  shows  data 
obtained  di^^  a  sequential  dqioation  of  Si|..Ge,  with  x=0.1S  (from  A),  0.20  (from  B),  0.25, 
each  conqxiation  bein^  grown  to  be  optically  mck  at  Xs364am.  The  results  are  shown  in  terms 
of  <B>  which  is  eqiuvalent  to  ft  at  the  qitically  thick  constant  values.  For  foe  highest  x, 
roughening  can  be  seen  after  -4.5niin  growth  as  inchcated  by  foe  ^viation  of  <fi>  from  foe  fit, 
due  to  the  formation  of  foe  undulations  as  discussed  earliet^^  ji]^  values  of  n  decrease 
monotonically  from  5.(%5  (Si)  to  4.74  (x-O.lS),  4.62  (x--0.20)  and  4.52  (x-0.25).  These  values 
are  close  to  those  expected  from  intnpolation  bkween  results  obtained  by  Humlicek  and  Garriga^ 
at  -530°C.  The  excellent  fits  shown  in  figure  7  again  indicate  that  after  the  initial  intoface 
region  the  growth  is  accurately  modelled  by  growth  of  a  uniform  layer  with  constant  growth 
rate.  The  growth  rate  can  be  seen  from  the  raw  data  to  decrease  with  increasing  x,  foe  fits  giving 


<E2> 


Figure  6.  <Ei>  -  <E2>  traces 
for  SinojGeg  J5  growth  on  Si 
at  6i(rC.  '  Growth  was 
interrupted  at  B  and  D  for 
lOs. 
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tW8K1-K)a*(!4  »N).16.0«0^ 


Hguie  7.  <ii>,<k>  traces  for  sequential 
deposition  at  610‘’C  of  Sig^G^  ij  (from 

Si^  2  (from  BX  and  Siq  25^^025* 


Figure  8.  A,\|r  traces  for  growth  of  10- 
period  Sin  sGen  2/Si  MQW  (nominally 

l(Xyi00A5 


values  of  2.1  A/s  (x-0.15),  1.1  A/s  (x-0.20)  and  0.95 A/s  (x-0.25).  Anomalous  interface  regions 
can  again  be  clearly  seen  at  the  alloy  interfaces  (B  and  C),  which  can  be  fitted  with  hSA  thick 
layers  with  Si-like  optical  constants  as  in  the  interrupted  growth  fits  discussed  earlier. 

OWE  has  also  been  used  to  study  the  reproducibility  of  MQW  structures.  Fgure  8  shows  data 
obtained  during  growth  of  a  10-^od  Si^gGegySi  MQW  with  nominal  well  and  barrier 
thicknesses  of  lOOA.  The  more  rapid  decrease  of  A  during  wcU  growth  compared  to  the  increase 
during  barrier  growth  reflects  the  faster  growth  rate  of  the  alloy.  The  fit  shown  was  obtained 
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Figure  9.A,V  traces  for  growth  of  10-period 
Sio  gGeo ySi  MQW  (nominally  30/400A). 


Figure  10.  A,i|r  traces  from  figure  9  of  first 
two  SiQgG^2 
Si  barrier  (B’-C). 
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from  the  complete  data  set  but  with  each  period  assumed  to  be  identical,  ie  only  one  set 
of  il,  growth  rates  and  thicknesses  was  allowed  to  v^.  The  excellent  fit  obtained  with  this 
assumption  is  an  indication  of  the  repeatability  from  perit^  to  period,  only  slight  deviations  being 
visible  towards  the  end  of  the  growth.  The  differences  in  A  and  y  values  tom  the  first  period 
compared  to  the  test  are  also  predicted  well  by  the  model  and  ate  due  to  penetration  of  the  light 
into  the  substrate.  After  the  first  three  layers  the  substrate  is  no  longer  ‘seen’  and  the  trace  settles 
down  into  a  regular  pattern. 

Figure  9  shows  OWE  traces  obtained  during  a  10-period  MQW  structure  with  nominally  30A 
well  and  400A  barrier  thicknesses  as  requited  for  far-IR  detector  structures.  Again,  an  excellent 
fit  can  be  seen  assuming  identical  periods.  The  variability  in  the  lower  value  of  A  at  the  end  of 
each  well  growth  gives  an  indication  of  the  reproducibility  of  well  thickness.  Variations  within 
+lA  would  produce  the  observed  variation,  assuming  the  composition  is  unchanged.  Figure  10 
shows  an  expanded  fit  to  the  first  two  wells  and  their  separating  barrier,  showing  the  excellent 
fit  quality.  Fits  to  the  first  two  wells  gave  well  and  barrier  thicknesses  of  27A  and  39SA 
respectively,  while  fits  to  the  last  two  wells  gave  27 A  and  390A.  Thus,  the  repeatability  of  the 
wells  is  within  +lA  and  of  the  barriers  is  wiSiin  +3A. 


CONCLUSIONS 

In-situ  optical  monitoring  has  been  used  to  study  growth  of  Si,  .Ge,  HBT  and  MQW 
structures.  B-doped  SiQgGeQ2  has  been  shown  to  have  a  constant  growth  rate  but  a  decreasing 
rate  was  observed  for  As-do^  Si.  Anomalous  interface  regions  have  been  detected  by  DWE  at 
Sifl  gGeg  ySi  hetero-interfaces  and  during  interrupted  alloy  growth.  The  repeatability  of  MQW 
structure's  has  been  shown  to  be  +1ML. 
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J.  T.  BEECHINOR.  P.  V.  KELLY  AND  GA4.  CREAN 

National  Microelectronics  Research  Centre,  Lee  Maltings,  Prospect  Row,  Cork ,  Ireland. 


ABSTRACT 

Silicon  surfaces  cleaned  using  standard  wet  chemical  processes  used  in  silicon  device 
fabrication  have  been  characterised  by  two  optical  techniques,  spectroscopic  ellipsometry  (SE) 
and  reflectance  anisotropy  spectrometry  (RAS).  Standard  peroxide-based  Si(lOO)  wafer  cleans 
were  studied  by  SE.  It  is  demonstrated  that  the  residual  film  on  the  Si  surface  is  critically 
dependent  on  both  the  sequence  and  type  of  cleaning  steps  performed.  The  sensitivity  of  RAS 
performed  on-line  under  an  air  ambient  to  HF  etched  Si(}  10)  and  4*  off  axis  Si(lOO)  surfaces 
is  evaluated  in  comparison  with  kinetic  SE  data. 


INTRODUCTION 

Silicon  surface  preparation  prior  to  fabrication  process  steps  such  as  film  growth  or 
oxidation  will  be  one  of  the  most  critical  challenges  for  deep  submicron  CMOS  ULSI 
technology.  Increasing  attention  will  therefore  focus  on  Si-surface  chemistry  and  passivation. 
In  particular  the  issue  of  characterisation  of  native  and  chemical  oxides  must  be  addressed.  For 
example,  the  absense  or  presence  of  an  SiO*  layer  on  a  Si  surface  will  significantly  impact  the 
adsorption  of  specific  metallic  contaminants  [1].  However  tighter  control  of  surface  quality 
will  require  the  development  of  surface  sensitive  non-contact  monitoring  techniques. 

Epioptic  probes  [2]  offer  significant  potential  for  non-contact,  surface  sensitive 
characterisation  tools  applicable  to  on-line  monitoring  of  both  wet  and  dry  wafer  cleaning 
processes.  This  work  focusses  on  the  evaluation  of  the  sensitivity  of  two  such  epioptic 
techniques,  spectroscopic  ellipsometry  (SE)  and  reflectance  anisotropy  (RA).  to  wet  cleaned 
silicon  surfaces. 


EXPERIMENTAL 

Single  crystal  CZ  grown  n-type  Si(lOO),  Si(lOO)  cut  4"  off  axis  towards  [110],  and 
Si(llO)  wafers  were  employed  in  this  study.  Table  I  describes  the  cleaning  steps  investigated 
in  this  study.  The  RCA  cleans  [3]  were  carried  out  using  an  FSI  MERCURY  acid  spray 
processor.  Tlie  HF-based  cleans  were  carried  out  using  immersion  baths. 

SE  measurements  were  obtained  using  a  phase  modulated  variable  angle  spectroscopic 
ellipsometer  having  a  spot  size  of  2xS  mm  on  the  sample  surface.  SE  spectra  were  measured  at 
an  angle  of  incidence  of  75’  in  the  photon  energy  range  from  2.0  eV  to  4.5  eV  in  intervals  of 
0.02  eV,  and  expressed  as  a  complex  dielectric  function  are  Cj  [4.] 

RAS  measurements  were  made  using  a  phase  modulated  RA  spectrometer  [5]  having  a 
spot  size  of  12  mm  diameter  normally  incident  on  the  sample  surface.  RA  spectra  were 
measured  in  the  photon  energy  range  of  3.0  cV  to  4.5  eV  at  an  interval  of  0.02  eV. 
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Table  I.  Wet  cleaning  processes  for  silicon  wafers. 


Process 


Description 


SCI  clean  step 


SC2  clean  step 
Standard  RCA  clean 
RCA“HF  last”  clean 
RCA“HF  last”  clean 
DI  rinse 
HFetch 
BHFetch 


H202:H20  1:5  (30  s) 

H202:H20:NH40H  1:10:1  (90s) 

H202:H20  1:5  (30  s) 

H202:H20:HC1  1:5:1  (90s) 

Spray  SC1+100:1H20:HF(120  s)  +DI  rinse+SC2 

Spray  SC  1 +SC2+ 100: 1  H20:HF(  1 20  s)(+DI  rinse) 

Spray/HFdip  SC1+SC2+10:1H20:HF(30  s) 

Deionised  water  rinse 

7: 1  H20:HF  etch  (30,60  90  or  120  s) 

4: 1  or  7: 1  Buffered  HF  etch  (60  s) 


RESULTS  AND  DISCUSSION 

The  measured  pseudo-dielectric  function  (Ej)  spectra  for  native  oxide  covered,  standard 
RCA  cleaned  and  “HF-last”  RCA  cleaned  Si(lOO)  wafers  are  shown  in  Figure  1.  Spray 
cleaning  was  employed  to  process  batches  of  three  w^ers  in  each  case.  SE  measurements  were 
also  made  on  a  further  batch  of  Si(lOO)  wafers,  where  the  HF-lasi  dip  was  performed  by 
immersion  without  a  final  DI  rinse.  It  is  observed  that  the  E2  Si  peak  in  Ej,  which  is 
particularly  sensitive  to  surface  film  thickness,  increases  in  amplitude  from  the  native  oxide 
covered  surface,  to  the  standard  RCA  cleaned  surface,  to  the  “HF-last”  process  while  the  E[  Si 
peak  height  is  reduced  by  the  HF-last  process 


Figure  1.  The  imaginary  part  of  the  pseudo-dielectric  function  e.  of  native  oxide  covered 
Si(lOO),  standard  RCA  cleaned  Si(lOO)  and  HF-last  cleaned  Si(lOO)  with  final  rinse. 

The  measured  SE  spectra  were  analysed  using  two  distinct  optical  models.  Model  A 
assumed  the  surface  film  as  a  thin  layer  of  Si02  on  Si,  using  reference  dielectric  function  data 
for  Si(lOO)  [6],  yielding  an  effective  oxide  thickness  as  a  parameter.  However,  this  model  did 
not  take  into  account  the  observed  dependence  of  the  refractive  index  of  thin  silicon  oxide  on 
film  thickness  [7].  A  native  or  chemical  silicon  oxide  modelled  by  a  film  of  Si02  and  a-Si  has 
been  shown  to  be  a  more  accurate  representation  [8].  In  this  present  work,  this  model  has  been 
expanded  to  a  three-component  homogeneous  layer  on  c-Si(lOO),  model  B,  where  the  layer  is 
composed  of  Si02  as  major  component,  with  a  silicon  suboxide  (SiO)  and  c-Si  as  minor 
components,  to  represent  die  increased  refractive  index  and  the  effect  of  interfacial  roughness, 
respectively.  The  layer  dielectric  function  was  calculated  by  the  Bruggeman  effective  medium 
approximation  (EMA)  [9].  Fitting  of  SE  data  to  optical  models  was  performed  using  a  least- 
squares  Marquardt  algorithm. 
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Table  11.  Best  fit  extracted  material  parameters  for  SE  spectra  of  RCA  cleaned  wafers 


Proiyxii- 

Native 

Standard 

RCA/HF-last 

RCA/HF-last 

Model 

Oxide 

RCA  clean 

with  final  rinse 

without  final  rinse 

Si£h_  d(A) 

A  SiOOO) 

20.28 

15.97 

9.64 

11.00 

1.63 

1.74 

2.30 

2.32 

Layer  1  d(A) 

15.42 

12.86 

7.17 

8.47 

Composition; 

SiOj  % 

IQAl 

78.75 

53.53 

54.38 

B  SiO  % 

14.77 

11.46 

9.60 

10.11 

Si(100)% 

14.76 

9.79 

36.87 

35.51 

Si(lOO) 

2^ 

1.51 

1.67 

2.18 

2.08 

The  extracted  best  fit  materJ-j  parameters  for  the  RCA  clean  matrix  are  presented  in 
table  II.  Three  general  observation  nay  be  made.  Firstly,  the  effective  oxide  thickness  after  a 
HF-last  process  is  consistently  si,  ler  than  for  the  standard  RCA  process.  Secondly,  model  B 
provides  a  consistently  better  fit  man  model  A,  indicating  that  the  higher  refractive  index  layer 
used  to  model  the  native  oxide  or  residual  film  is  a  more  accurate  representation  of  the  thin 
oxide.  In  addition  model  B  also  shows  that  the  chemical  oxide  produced  by  the  standard  RCA 
process  is  of  higher  quality  than  the  native  oxide  insofar  as  its  best  fit  silicon  dioxide  content  is 
higher.  Thirdly,  a  poorer  fit  is  obtained  for  the  residual  film  after  a  HF-last  clean,  than  after  a 
standard  RCA  process. 

The  residual  film  thicknesses  for  the  HF-last  RCA  cleaned  wafers  suggest  that  a  simple 
chemical  termination  of  the  silicon  surface  is  not  obtained.  Omission  of  the  final  DI  rinse  in 
the  case  of  10:1  HF  dipped  wafers  produced  similar  residual  film  thicknesses  to  the  spray 
clean.  The  clearest  conclusion  from  these  results  is  the  marked  difference  in  the  composition 
of  the  residual  film  after  the  HF-last  process.  Neither  model  attempts  to  represent  the  hydrogen 
passivation  of  the  surface  which  occurs  at  least  to  some  degree  for  HF-last  RCA  processes, 
nor  do  they  explicitly  address  inteifacial  roughness. 

The  second  part  of  this  study  focussed  on  the  HF  etch  step  in  the  absence  of  an  RCA 
treatment  Figure  2(a)  shows  the  SE  measured  dielectric  function  for  a  Si(lOO)  wafer  before, 
immediately  after  a  7:1HF  etch  for  30  s  following  a  DI  rinse  and  40  minutes  after  this  etch,  as 
compared  with  the  bare  Si(lOO)  reference  dielectric  function.  Using  model  A  or  B  above,  an 
effective  oxide  thickness  significantly  less  than  the  equivalent  of  a  monolayer  is  obtained.  The 
calculated  spectra  from  either  model  differ  negligibly  due  to  the  small  film  thickness, 
indicating  a  chemical  termination  of  the  bare  silicon  surface.  It  is  also  observed  from  Figure 
2(a)  and  Table  11,  that  the  height  of  the  E2  peak  is  correlated  to  effective  oxide  thickness,  the 
highest  value  being  for  the  reference  data  from  bare  Si(lOO)  [6].  In  contrast,  the  increase  in  the 
El  peak  appears  uncorrelated  to  either  the  nature  of  the  residual  film  or  its  thickness.  The 
presence  of  the  film  is  sufficient  to  increase  the  Ei  peak  significantly  above  its  value  for  the 
bare  wafer. 

Figure  2(b)  shows  the  differential  Cj  (HF  etched)-Ei  (oxidised)  SE  spectra  as  a  function 
of  time  after  the  etch,  highlighting  the  kinetic  sensitivity  of  SE.  It  is  obser  2d  that  the 
differential  SE  spectrum  is  remarkably  stable  over  a  period  of  50  minutes  after  the  etch, 
indicating  that  excellent  passivation  is  achieved  with  the  7:1  HF  etch.  This  passivation  is 
gradually  lost  after  a  further  2  hours  in  an  air  ambient 
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Fiauie  3  plots  the  Idnetics  of  re-oxidation  via  the  effective  oxide  thickness  measured 
using  mo«l  B  to  fit  successive  SE  i^wctra,  measured  at  four  minute  intervals,  and  shows  the 
gradual  deterioration  of  the  passivatioa.  Figure  3  also  iUnstraies  the  different  cfEective  oxkle 
thicknesses  and  kinetics  of  te-oxidadoo  on  Si(100)  substrates  cut  4*  off-axis  towards  [Oil] 
after  7:1HF  etches  of  30  s,  60  s  and  90  s  duration.  While  the  native  oxide  on  the  off-axis 
substrates  is  thidcer  than  for  the  on-axis  wafers,  larger  effective  oxide  thidmesses  and  faster 
re-oxidation  kinetics  are  deduced  from  SE  measurements  <m  the  off-axis  Si(lOO)  substrates. 


IS  2  2.S  3  3.S  4  4i  S 

Esngy  (tV) 


Figure  2.  (a)  The  imaginary  part  of  the  dielectric  function  Cr.  measured  by  SE  from  Si(lOO) 
before,  immediately  after,  and  40  minutes  after  a  7:1HF  etch,  compared  to  the  bare  Si^OO) 
reference  data  from  ref.  [6].  (b)  Difference  in  SE  Ei  spectra  of  etched  and  unetched  Si(lOO). 

The  existence  of  a  weak  reflectance  anisotropy  centred  on  3.4S  eV  has  been  reported 
[10]  for  HF-etched  Si(lOO)  substrates  cut  4.S'  and  6''  off-axis  towards  [Oil]  measured  under 
UHV  and  H2-ambient  MOVPE  conditions,  where  the  hydrogen  termiiution  of  the  surface  has 
been  confirmed.  In  this  wodt,  the  reflectance  anisotropy  between  the  Si  [Oil]  and  [Oil]  axes 
of  the  90  s  7:1  HF  etchsampte  was  measured  under  an  air  ambient  5  minutes  afrer  removal  of 
the  wafer  from  HF.  No  feature  at  3.4S  eV  was  distinguishable  above  the  noise  level.  The  effect 
of  3  minutes  exposure  to  an  air  ambient  on  this  feature  afrer  HF  etching  is  as  yet  tmquantifred. 
However,  the  SE  results  indicate  that  the  passivation  is  not  as  good  as  for  tte  on-axis  Si(lOO) 
surface  after  this  time. 

Eatiy  work  on  RAS  revealed  merited  differences  between  the  native  oxidised  and 
buffered  10^  etched  Si(llO)  surfaces  [11],  which  jwssess  an  inherent  anisotropy  and 
consequently  large  RA  signal  due  to  their  2-fold  rotational  symmetry.  Hgure  4  det^s  the 
increase  in  effective  oxide  thickness  on  Si(l  10),  extracted  from  SE  spectra  using  model  A  with 
a  Si(llO)  substrate  reference  file,  as  a  function  of  time  after  a  ^  s  7:1  HF  etch  for  60  s 
following  a  DI  rinse.  Figure  5  shows  the  difference  in  the  Si(l  10)  RA  spectra  measured  before 
and  after  this  etch.  A  negative  peak  around  3.3  eV  is  observed  for  the  HF  etched  wafer, 
consistent  with  the  literature  [1 1].  This  peak  decreases  slowly  over  the  frrst  hour  after  etching 
as  the  effective  oxide  thickne^  measui^  by  SE  increases.  A  DI  rinse  performed  after  7:1  HF 
etching  does  not  significantly  alter  the  passivation  asobserved  by  SE  (Figure  4)  or  the 
evolution  of  the  peak  in  the  (hfferential  ^  spectrum  with  time  after  etching,  as  shown  in 
Figure  6. 

The  influence  of  7:1  HF,  7:1  BHF,  and  4:1  BHF  etches  on  the  passivation  of  the 
Si(l  10)  surface  is  compared  in  Hgure  4.  The  BHF  etch  clearly  produces  an  inferior  passivation 
layer  and  rapid  re-oxi^tion  of  the  surface.  However,  the  cha^teristic  RA  feature  at  3.3  eV 
which  appears  after  etching  was  observed  to  persist  for  24  hours  in  the  case  of  both  4:1  and  7: 1 
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BHF  etches,  as  demonstrated  in  figure  7.  It  u  concluded  therefore  that  the  ongin  of  this  RA 
feature  is  not  related  to  passivation.  This  RA  feature  decreases  in  amplitude  over  20  hours, 
consistent  with  the  litenture,  but  apparently  unrelated  to  re-oxidation. 


0  10  20  30  40  SO  60 

Tiom  lAir  ileli  (mcs) 

Figure  3.  Increase  in  effective  oxide 
thickness  with  time  after  HF  etching  of 
Si(lOO)  and  4*  olff-axis  Si(lOO) 


3  3.2  3.4  3.6  3.8  4  4.2  4.4  4.6 

Energy  (eV) 

Figure  5.  Differential  spectra  RA(etched)  - 
RA(oxidised)  as  a  function  of  time  after  a 
7:1  HF  etch.  Tte  RA  signal  is  defined  as; 

^  _  Ref  2(riio-rooi)  T 

R  (riTo  +  root)  -• 


0  10  20  30  40  SO  60 

Ewiy  (cV) 

Figure  4.  Effective  oxide  thickness  as  a 
function  of  time  after  etching  oxidised 
Si(llO)  for  60  s,  with  7:1  HF,  7:1  HF  and 
rinse,  7:1  BHF,  and  4;1  BHF  solutions. 

A 


3  3.2  3.4  3.6  3.8  4  4.2  4.4  4.6 

Energy  (eV] 

Figure  6.  Differential  spectra  RA(etched)  - 
RA(oxidised)  as  a  function  of  time  after  a 
7: 1  HF  etch  and  final  DI  rinse 
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3  3.2  3.4  3.6  3.B  A  4.2  4.4  4.6 
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Figure  7.  Differential  spectra  RA(etched)  -  RA(oxidised)  as  a  function  of  time  after  a  4:1  BHF 
etch. 

CONCLUSIONS 

This  work  has  demonstrated  the  sensitivity  of  SE  spectra  to  native  and  chemically 
oxidised  Si(lOO)  wafers  and  has  provided  further  evidence  of  the  need  to  model  such  ultra-thin 
oxides  using  higher  refractive  index  values  than  are  found  in  thick  oxides.  The  contfasting 
effects  of  standi^  and  HF-last  RCA  cleans  have  been  demonstrated.  The  influence  of  surface 
orientation  on  HF  etching  of  oxidised  silicon  wafers  has  been  demonstrated  using  SE. 

It  is  shown  using  SE  that  buffeted  HF  produces  a  substantially  inferior  passivation  on 
Si(llO)  which  re-oxidises  rapidly  by  comparison  with  the  HF  etched  surface.  Comparison  of 
the  kinetics  of  the  RA  and  SE  features  which  appear  after  BHF  etching  indicate  that  they 
decay  on  markedly  different  timescales,  and  suggests  that  their  origins  are  different,  although 
their  spectral  positions  are  similar.  Further  investigation  of  HF  and  BHF  etch  induced  RA  and 
SE  features  is  requited  to  establish  their  origins,  and  their  relationship  to  the  quality  of  the 
silicon  surface  produced  by  wet  etches,  so  that  they  may  be  applied  in  on-line  epioptic 
monitoring  tools. 
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ABSTRACT 

In  the  fabrication  of  mercuric  iodide  room  temperature  radiation  detectors,  as  in  any 
semiconductor  process,  the  quality  of  the  final  device  can  be  very  sensitive  to  the  details  of  the 
processing  steps.  Each  processing  step  can  either  reduce  the  intrinsic  defects  and  those  extrinsic 
defects  introduced  by  earlier  steps,  or  it  can  introduce  new  defects.  In  mercuric  iodide  these 
defects  can  act  as  trapping  and  recombination  centers,  thereby  degrading  immediate  device 
performance  or  leading  to  long-term  reliability  problems.  With  careful  study  and  monitoring  of 
each  step,  the  process  can  be  modified  to  improve  the  end  product.  In  this  work  we  used  several 
techniques  to  study  processing  steps  and  their  effects.  Photoluminescence  spectroscopy  and 
photoionization  revealed  defects  introduced  during  processing.  One  critical  step  is  the  formation  of 
electrical  contacts,  as  both  the  material  choice  and  deposition  method  have  an  impact.  Four  point 
probe  sheet  resistance  methods  were  used  to  characterize  the  loss  of  material  from  the  contact  as  it 
reacted  with  or  moved  into  the  bulk  semiconductor.  Ellipsometry  was  used  to  characterize  the 
intrinsic  optical  functions  of  the  material,  and  to  study  the  effects  of  surface  aging  on  these 
functions.  Results  from  this  work  provide  suggestions  for  the  modification  and  monitoring  of  the 
detector  fabrication  process. 


INTRODUCTION 

Many  diverse  applications  currently  utilize,  or  could  possibly  utilize,  nuclear  radiation  detection 
and  spectroscopy.  One  major  field  currently  of  interest  is  the  close  monitoring  of  nuclear 
materials,  for  the  verification  of  non-proliferation  treaties,  or  the  tracking  of  unauthorized, 
concealed  materials.  Environmental  monitoring  and  remediation  is  another  large  field  that  is  in  its 
early  stages.  Concealed  weapons  and  contraband  detection,  nuclear  medicine  and  imaging, 
industrial  process  gauging,  and  basic  science  also  have  a  need  for  such  measurements.  For  ^1  of 
these  applications  a  compact,  portable,  low-maintenance  instrument  would  be  extremely  useful. 
However,  traditional  detectors,  such  as  high  purity  germanium  (HPGe)  or  lithium-drifted  silicon 
(Si(Li)),  require  cooling  well  below  room  temperature,  necessitating  a  bulky  apparatus  that  is 
fragile  and  that  requites  continued  attention. 

The  semiconductor  ted  mercuric  iodide  (a-Hgl2)  has  several  properties  that  make  it  an  ideal 
material  for  room  temperature  use,  therefore  allowing  the  production  of  the  desired  portable 
instruments  (1-5].  In  particular,  the  high  atomic  number  of  the  elements  (ZHg=80  and  Zi=53) 
means  that  the  materi^  has  a  high  stopping  power  for  photon  energies  into  the  MeV  range,  the 
relatively  low  electron-hole  pair  creation  energy  of  4.2eV  at  room  temperature  allows  a  large 
response  per  incident  photon,  and  the  large  bandgap  of  2.13eV  at  300K  results  in  a  high  intrinsic 
resistivity  (10*^fl*cm),  and  low  dark  currents  (10'*^A).  Tnese  properties  result  in  a  material 
suitable  for  some  of  the  highest  resolution  and  sensitivity  room  temperature  radiation  detectors  [6]. 
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The  detector  device  structine  used  is  usually  quite  simple,  with  thin  (-2S0A)  palladium  contacts 
^posited  on  the  large  faces  of  a  Hgh  slab  around  1cm  x  1cm  x  1mm.  The  ch^e  created  by  the 
incident  photons  and  separated  by  an  applied  bias  is  then  measured  by  means  of  a  system 
ccnnposed  of  a  charge-sensitive  preampliher,  a  spectroscc^ic  amplifier,  and  a  multi-channel 
analyzer.  These  sensors  are  generally  applied  to  the  specoost^c  examination  of  x-ray  and  y-ray 
emissions.  Figure  1  shows  an  example  spectrum  collected  with  a  small  (Smm  x  Smm  x  O.Smm) 
Hgh  detector  whose  design  was  optimized  for  x-rays. 

Although  mercuric  iodide  has  great  potential  in  theory,  there  are  many  practical  problems  that 
currently  limit  the  actual  device  performance  achieved  [7].  One  primary  problem  is  that  not  all 
charge  that  is  generated  by  incoming  photons  is  collected  at  the  contacts.  ‘Hiis  incomplete  charge 
collection  effect  is  demonstrated  by  the  left-side  tailing  of  the  59.5keV  peik  in  the  spectrum  of 
Figure  1,  as  the  "lost"  charge  results  in  a  lower  pulse  height  than  is  expected.  This  leads  to  a  loss 
of  resolution  by  the  iHoadening  of  peaks,  and  a  loss  of  sensitivity  as  there  are  fewer  counts  at  the 
location  of  the  photopeak.  Another  problem  is  the  long  term  unreliability  and  instability  of  some 
detectors.  The  spKtr^  quality  from  such  a  detector  will  degrade  over  dmc,  with  peak  height  and 
sha^ness  decreasing.  Third,  the  material  is  very  sensitive  to  mechanical  handling,  and  can  be 
easily  damaged.  Finally,  all  of  these  factcu^  lead  to  a  low  final  yield  of  high  quality  detectors, 
which  means  that  the  unit  cost  is  prc^ibitive  for  many  of  the  potential  applications  where  a 
compact,  hand-held  spectrometer  would  be  useful. 


Hglj  detector  biased  at  -900V  and  exposed  to  lOpCi  Am 


Figure  1.  Example  x-ray/y-ray  spectrum  from  a  room  temperature  Hglz  detector. 

The  underlying  cause  of  all  of  these  problems,  of  course,  is  the  material  properties.  The  largest 
limitations  are  related  to  charge  traps  and  recombination  centers.  These  centers  trap  charges  and 
may  release  them  at  unpredictable  times,  potentially  over  the  scale  from  sub-seconds  to  years,  and 
lead  to  the  observed  degradation  of  performance.  One  source  of  these  traps  is  impurities  that  are 
present  in  the  material,  either  from  the  start,  or  introduced  during  processing.  Other  sources 
include  intrinsic  defects  in  the  crystal  structure  from  growth  or  processing.  The  other  prime 
material  problems  are  physical  and  chemical  in  nature.  Red  mercuric  iodide  has  a  tetragonal  unit 
cell,  and  forms  a  layer^  structure.  These  layers  are  connected  at  iodine  planes  only  by  weak  van 
der  Waal  bonds,  aiid  thus  the  material  is  easily  delaminated.  Overall,  the  material  is  simply  soft, 
and  plastic  deformation  can  occur  under  a  sample's  own  weight,  if  not  properly  supported.  The 
material  is  also  very  sensitive  to  heating,  as  at  around  the  red  tetragonal  a-Hgl2  phase 


undergoes  an  phase  transition  to  the  yellow  orthorhombic  P-Hgl2  phase,  which  has  inferica’ 
detector  properties.  Innally,  mercuric  iodide  is  strongly  reactive  with  many  agents,  and  the 
merdury  and  kK&ne  have  sufficient  vapor  pressures  tfiat  the  surfaces  of  an  unencapsulated  sample 
will  degrade  within  hours. 

All  of  these  complications  lead  to  the  sinuttion  that  mercuric  iodide  crystal  growth  and  device 
fabrication  are  non-trivial.  Extreme  care  is  required  in  the  entire  fabrication  and  handling  process. 
Therefore,  processing  diagnostics  ate  useful  to  idratify  proUems  and  pc^t  toward  solutions.  Off¬ 
line  procer^tes  allow  further  time  to  fully  study  the  pnxxss  and  allow  for  recommendations  of 
large-scale  changes.  On-line  diagnostics  allow  fcM'  the  rapid  detection  of  problems  arising  during 
actual  fabrication,  and  allow  for  adjustments  to  compensate.  This  paper  ^scusses  measurements 
that  were  primarily  developed  as  cases  of  the  former,  but  some  of  which  are  applicable  (with  some 
simplifications)  for  on-line  diagnostics. 


EXPERIMENTS  AND  RESULTS 
Photoluminesoence 

Photoluminescence  (PL)  has  been  shown  to  be  a  good  technique  for  the  detection  and 
identification  of  defect  states  in  many  materials.  In  mercuric  iodide,  much  wmk  has  been  done  to 
determine  and  understand  the  rich  spectra  found  in  most  samples. 

PL  involves  exciting  a  sample  optically  with  above  baitdgap  illumination,  and  collecting  aitd 
measuring  the  resulting  luminescence  spectrum  as  the  exci^  electrons  remm  to  lower  energy 
states.  Generally  mercuric  iodide  PL  is  done  using  an  argon  ion  laser  (4880A  line)  in  CW  mode, 
with  a  power  of  20mW,  and  the  sample  is  cooled  in  liquid  helium  to  around  4.2K.  The  resultant 
peaks  in  the  spectrum  relate  to  the  band  edge  and  the  defect  states,  or  phonon  replicas  of  these. 
With  these  parameters,  the  excitation  penetrates  only  a  few  micrometers,  so  the  spectra  relates  to 
the  near-suiface  layers.  In  Hgla  PL  there  are  two  regions  of  interest,  the  near  band  edge  region  of 
5290  to  5410A,  and  the  deep  level  region  of  54{X)  to  8500A.  From  the  extensive  characterization 
that  has  been  done  previously,  correlations  between  relative  peak  intensities  and  locations,  and 
associated  process  steps  have  been  found  for  items  such  as  impurities,  sample  aging,  vacuum 
exposure,  stoichiometry  changes,  and  contact  materials  [8-13]. 

The  technique  is  non-destructive,  except  for  the  required  thermal  cycling  and  extra  material 
handling  required.  It  can  therefore  be  done  on  samples  in  the  middle  of  processing,  although  a 
simplifi^  version  would  be  required  for  real-time  online  measurements. 
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Figure  2.  Photoluminescence  spectrum  beftxe  and  after  methanol  etching  of  a  Hgla  crystal 
sample,  showing  the  introduction  of  an  impurity-related  defect  state  at  ~6700A. 


One  examine  a  processing  protdem  revealed  by  PL  is  shown  in  Hgure  2.  These  ^lectia 
arefiomasunpleiniinedialBly  bdfoieandafleraffieduuioleicfa.  This  was  done  pfimaiily  as 
a  lest  of  alternative  Mcfaams,  as  die  current  usual  etchant  of  dioice  is  10%  by  weight  ctfpotassiuni 
iodide  in  deionized  water  s^utkn;  however,  in  fabrication  the  sample  coi^  aim  be  eniosed  to 
scdveaa  such  as  methanol  during  cleaning  and  rinsing  stqis.  The  qiectra  here  show  tw  even 
thoo^  a  lugh  purity  semiconductor  grade  methanol  was  us^  a  new  defect  level  appears  after  the 
etch.  In  parbcular,  this  level  qipean  to  be  a  C-mlatedinmurity  defect  b  has  been  shown  in  other 
work  that  such  defects  severely  degiade  the  resultant  dctecttn'  performance  because  of  charge 
trqqnng  effects. 


PhnminniMrinti  /  PhntmgspntuM 

Another  method  that  is  useful  for  studying  tr^is  in  mercuric  iodide  is  photoionization  (PI).  In 
this  newly  developed  technique  a  temperature  controlled  sanqile  is  illuminated  with  photons  of 
increasing  energy  and  the  photocurrent  or  photote^mnse.  is  measured.  The  resultant  peaks  in  the 
spectrum  as  a  tunction  of  wavelength,  for  below  bandgqi  excitation,  relate  to  the  trap  levels. 
Varying  the  temperature  gives  further  detailed  information  regarding  these  tnqis. 

Figure  3  shows  an  example  of  a  PI  qiectnim.  The  sample  hm  is  a  piece  of  mercuric  iodide 
that  was  intentionally  doped  with  coppCT  to  a  concentration  on  the  order  of  lOppm  before  the 
application  of  the  palladium  electrodes.  The  peak  at  around  2.0SeV  is  seen  only  in  the  Cu-dcped 
samples,  and  therefore  it  most  likely  rdales  to  a  trap  introduced  by  the  presence  of  this  impurity. 

AntKher  parameter  that  can  be  obtained  bom  this  measuranent  is  the  barrier  hei^t  of  the 
metal/setmconductor  interface.  Extrtpolating  the  linear  portion  of  die  square  root  of  the  response 
per  incident  photon  to  its  zero-response  value  gives  the  barrier  height,  and  the  direction  of  the 
cuiient  gives  the  type  of  bairier  (hdefelectron). 

This  technique  can  be  conridered  non-desttuctive  when  applied  to  partially  fabricated  detectors, 
as  the  contacts  applied  for  the  detector  can  be  used  for  the  PI/PR  measuremenL  Again,  tlK  issues 
are  merely  those  of  thermal  cycling  and  materials  handling,  and  the  limitations  of  the  time  and 
equipment  needed  for  a  measurement  on-line. 


Rgure  3.  Photoionization  spectrum  of  a  Cu-doped  Pd-contacted  Hglj  sanqile  at  3(X)K. 


Fgur-point  Probe  Shea  Rtasanw 

One  area  of  the  mercuric  iodide  detector  fabrication  that  has  not  been  fully  studied  is  tire  choice 
of  contact  material  and  deposition  method.  Given  the  reactive  nature  of  mercuric  iodide,  it  is  likely 
that  any  materials  brought  into  contact  for  use  as  an  electrode  is  going  to  change  the  substrate  and 
be  changed  itself.  Besides  the  formation  of  new  products  by  reaction,  moltile  species  from  the 
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contact  can  move  into  the  bulk  of  the  mercuric  iodide,  thereby  introducing  further  charge  trapping 
centers. 

A  simple  technique  that  can  be  used  to  characterize  the  quality  of  the  contact  and  its  interface 
with  the  mercuric  iodide  is  the  four-point  probe  sheet  resistance  measurement  [13].  Four  tungsten 
carbide  tips  in  a  linear  arrangentent  are  bright  into  contact  with  the  sample  and  a  known  current  is 
injected  through  the  outer  two.  The  voltage  measured  between  the  inner  two  probes  is  directly 
related  to  the  resistance  of  the  sample  film,  which  is  related  to  the  effective  thickness  of  the 
conductive  film.  Monitoring  this  resistance  versus  dme  reveals  changes  in  the  contact  film. 

Copper  contacts  showed  an  exponentially  increasing  resistance,  as  expected,  since  copper  is 
known  to  diffuse  rapidly  into  mercuric  iodide.  Figure  4  shows  the  more  unexpected  results. 
Palladium  and  the  remctory  metal  tungsten  are  gener^ly  considered  relatively  stable  on  mercuric 
iodide.  However,  it  appears  that  these  materials  move  into  and/or  react  with  the  mercuric  iodide, 
as  the  resistance  does  increase.  Both  do  form  a  reaction  barrier,  though,  as  the  resistance 
eventually  stabilizes,  leading  to  the  apparently  stable  contact  that  is  generally  assumed.  Pd  does 
this  rapidly,  and  this  is  why  the  contacts  have  been  generally  thought  to  be  stable.  The  W  change 
is  somewhat  slower,  but  still  stabilizes  within  a  few  days. 

The  technique  is  a  somewhat  destructive  technique,  as  the  probing  mechanically  damages  the 
extremely  soft  mercuric  iodide.  In  fact,  in  order  to  obtain  stable  resistance  readings,  relatively 
thick  films  (-lOOOA),  and  very  careful  probe  tip  application  are  required.  Otherwise,  the  tips 
simply  poke  through  the  film  and  measure  the  very  high  resistance  of  the  bulk  nnercuric  io^de. 


Figure  4.  Four-point  probe  sheet  resistance  measurements  of  Pd  and  W  contacts  on  Hgl2. 


Variable  Angle  Spectroscopic  Ellipsometrv  (VASE) 

One  final  technique  was  employed  to  study  the  optical  functions  of  bare  mercuric  iodide. 
Variable  angle  spectroscopic  ellipsometiy  (VASE)  can  give  detailed  infcHmation  about  the  dielectric 
functions  of  the  material  [14].  Since  the  Hgl2  structure  is  anisotropic,  separate  functions  are 
required  for  the  c-axis  and  a,b-axes. 

Ellipsometiy  in  general  determines  the  ratio  of  complex  reflectance  rp  to  r^,  with  in  and  is  the 
reflection  coefficients  of  light  polarized  parallel  to  and  perpendicular  to  the  plane  of  incidence, 
respectively.  This  complex  ratio  is  traditionally  determined  as  an  amplitude  and  an  angle. 

p  =  rp  /  r*  =  tan(v)  •  exp(i*A) 

with  A  and  y  the  calculated  values.  The  pseudo-dielectric  and  cYtical  constants  are  obtained  from 
these  values  by  further  calculations.  Using  variable  angles  of  incidence  and  wavelengths,  one  can 
obtain  further  data  which  gives  greater  information  about  the  optical  functions  of  the  sample. 

Once  these  functions  ate  chuacterized  fOT  bare,  unadulterated  mercuric  iodide,  they  can  be  used 


to  study  the  effects  of  certain  proc^sing  steps.  One  inevitable  processing  step  is  aging.  Mercuric 
iodide  left  exposed  to  air  (or  even  in  o^r  ambients)  exhibits  a  large  change  in  the  surface.  This 
surface  degradation  is  know  as  aging.  This  phenomenon  is  possibly  related  to  the  sublimation  of 
materi^  from  the  surface,  since  the  vapor  pressure  of  the  mercu^  and  iodine  are  rather  high  at 
room  temperature.  Figure  S  shows  the  optk^  functions  for  an  aging  sample.  These  spectra  show 
that  there  is  indeed  a  change  in  the  c^tical  characteristics  related  to  aging.  It  is  believed  that  this 
change  is  caused  by  an  increase  in  the  amount  of  "vends"  present  in  the  near  surface  region,  which 
fits  with  the  picture  of  material  suUiming  away. 


Photon  Energy  (eV) 

Figure  5.  Hgl2  surface  aging  effects,  characterized  by  the  VASE  measurements,  via  the  changes 
of  anisotropic  refractive  indices.  The  solid  bnes  represent  measurements  right  after  the 
10%  KI  etching,  and  the  dashed  and  dotted  lines  are  results,  from  the  same  sample, 
measured  ~20  hours  and  -548  hours  after  the  etching,  respectively. 


Fabrication  Modifiations 

These  measurements  all  lead  to  the  conclusion  that  certain  processing  steps  can  be  improved. 
These  measurements  show  where  in  the  process  sequence  defects  are  introduced.  Particular 
changes  that  are  suggested  include  the  use  of  high  purity  starting  materials  and  processing 
chemicals,  the  proper  choice  of  contact  material,  and  the  minimization  of  material  aging.  Also, 
some  of  these  methods,  the  PL,  PI,  and  VASE,  in  particular,  can  be  simplified  enough  to 
incorpenate  into  real-time  online  dia^ostic  tools.  With  tiiese  tools,  acute  or  chronic  changes  in  the 
annount  of  defects  present  in  a  detector  under  production  could  be  detected,  and  conditions  changed 
before  too  much  material,  time,  and  effort  is  wasted.  This  could  potentially  increase  yield  enough 
to  lower  the  per  unit  cost  to  a  point  where  other  applications  of  detectors  become  feasible. 


SUMMARY  AND  CONCLUSIONS 

Various  measurements,  including  photoluminescence,  photoionization,  four-point  probe  sheet 
resistance,  and  variable  angle  spectroscopic  ellipsometry  have  been  conducted  on  mercuric  iodide 
samples  subjected  to  the  processing  steps  required  for  room  temperature  x-ray  and  y-ray 
spectroscopic  detector  fabrication.  These  measurements  highlight  the  effects  of  different  steps  and 
show  correlations  between  the  presence  of  defects  and  detector  problems.  These  measurements, 
therefore,  suggest  changes  required  in  the  processing  steps.  Finally,  some  of  these  techniques  can 
be  incorporate  into  online  fabrication  dia^ostics  »  more  rapidly  cwrect  yield  pro':'’ cms. 
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PART  11 


Reflectance  and  Light  Scattering  Spectroscopies 
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ABSTRACT 

Ion  implantation,  diffusion,  epitaxy,  oxidation  and  ion  exchange  are  common  processing  steps 
which  alter  the  reinictive  index  of  dielectric  media.  These  changes  can  be  probed  non-destructively 
by  optical  methods  such  as  infrared  and  ultraviolet-visible  spectroscopy,  and  related  to  materud 
structure.  An  overview  is  given  of  the  bilinear  transform  of  reflectance  and  its  use  in  conjunction 
with  Fourier  spectral  analysis  for  thickness  and  refractive  index  estimation.  Oosed-form  solutions 
are  presently  available  for  the  bilinear  transformed  reflectance  of  heteroepitaxial  multilayer  structures, 
and  for  materials  containing  graded  refractive  index  profiles.  Salient  features  such  as  positions  of 
interfaces  and  refractive  index  steps  in  multilayer  media;  depth  and  width  of  buried  inhomogeneous 
layers;  and  width  of  a  transition  region  between  layers  of  constant  refractive  index  can  be  determined 
directly.  Under  certain  restrictive  assumptions  the  bilinear  transformed  reflectance  is  shown  to  be 
invertible,  which  allows  one  to  determine  the  complete  refractive  index  profile.  Examples  are 
presented  which  illustrate  the  determination  of  thickness  and  refractive  index  of  individual  layers  in 
multilayered  structures.  Specific  examples  include  silicon-on-insulator,  and  m-V  heteroepitaxial 
structures  such  as  InP/InGaAs/lnP.  Analysis  of  the  reflectance  of  medium  to  high  energy  implanted 
Si  or  GaAs  allows  determination  of  mean  damage  depth  and  standard  deviation.  The  inveitibility 
of  the  bilinear  transformed  reflectance  is  illustrated  by  estimating  the  refractive  index  profile  of 
nitrogen  implanted  silicon. 


INTRODUCTION 

Device  architectural  degrees  of  freedom  include  planar  dimensions,  layer  composition  and  doping 
levels,  as  well  as  layer  thickness.  With  the  rapid  progress  in  epitaxy  of  compound  semiconductors, 
complex  multilayer  structures  can  be  grown  to  high  degrees  of  perfection.  Ternary  and  quaternary 
ni-V  compounds,  involving  several  layers  ranging  in  thickness  from  tens  of  nanometers  to  several 
micrometers,  find  application  in  microwave  active  devices  and  opto-electronic  components.  Device 
processing  steps  such  as  ion-implantation  and  thermal  treatment  could  also  result  in  crystal  damage 
or  perturbation  of  carrier  profiles  and  interface  gradients  between  different  layers.  Consequently, 
there  exists  a  need  for  a  rapid,  non-destructive  technique  for  the  determination  of  the  individual  layer 
thickne.sses  and  refractive  indices,  as  well  as  the  depth  and  profiles  of  implanted  ions  and  lattice 
damage. 

As  a  result  of  its  inherent  non-destructive  nature,  optically  based  methods  abound.  Reflectance 
techniques  such  as  spectroscopic  ellipsometry,  infrared  and  UV-VIS  reflectance  spectroscopy, 
differential  reflectance,  electro-  and  pbotoreflectance,  and  inelastic  light  scattering  techniques  such 
as  Raman  spectroscopy  and  photoluminescence  are  employed  to  determine  composition,  structure, 
strain,  defects,  impurity  levels,  interface  and  surface  roughness,  barrier  heights,  electric  field 
strengths,  thickness,  carrier  density,  carrier  velocity,  position  of  carrier  concentration  peaks,  transition 
layers,  etc.(l-8J 

Spectroscopic  ellipsometiy  has  proved  itself  as  a  very  sensitive  and  accurate  technique  for 
determination  of  thickness  and  composition  of  thin  heteroepitaxial  layers  during  or  after  the  growth 
process.  However,  it  suffers  from  the  following  drawbacks  if  multilayers  are  to  be  analyzed[4]; 

-  the  requited  multi-parameter  least-squares  curve  fit  may  lead  to  spurious  solutions 

-  a-priori  knowledge  of  the  number  of  layers,  layer  thickness  and  optical  constants  is  required. 
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This  paper  presents  a  review  of  an  optical  technique  based  on  Fourier  spectral  analysis  of  the 
bilinear  transfonned  infrared  reflectance.  It  was  initially  developed  for  silicon-on-insuiator(5]  and 
later  refined  for  multilayer  heteroepitaxial  inaterial[6]  and  inhomogeneous  layers  [9,10].  It  is  a  truly 
multilayer  method,  since  there  is  no  upper  limit  to  the  number  of  layers  which  can  be  resolved,  and 
the  maximum  thickness  is  only  limited  by  the  coherence  length  of  the  light  source.  The  minimum 
layer  thickness  which  can  be  resolved  is  material  dependent,  but  it  generally  lies  between  100  nm 
and  200  nm.  It  therefore  forms  an  ideal  complement  to  spectroscopic  ellipsometry. 


THEORY  AND  SIMULATIONS 


Homogeneous  multilayer  structure:  The  optical  reflectance  pattern  of  multilayer  media  is  rich  in 
information,  but  until  recently  it  has  been  a  rather  daunting  task  to  extract  structure  parameters  from 
it  Without  an  underlying  theoiy,  its  Fourier  spectrum  seemed  to  be  just  as  difficult  to  interpret 
Consider  a  layered  structure  consisting  of  an  infinitely  thick  substrate  with  refractive  index  n,  and 

m  layers,  thickness  d„  d^ . d„  and  refractive  index  n,,  n, . n„,  respectively.  The  layers  are 

numbered  consecutively  from  the  surface.  Monochromatic  light  with  wavenumber  w  incident  from 
air,  suffers  multiple  reflections  and  refractions  at  the  interfaces.  In  principle  the  resulting  reflectance 
for  normal  incidence  may  be  calculated  by  either  the  matrix  method!  1 1  ]  or  by  means  of  the  theory 
of  graphs(12j.  We  will  outline  a  derivation  based  on  the  matrix  technique!  11].  Each  individual 
layer  (j)  can  be  modelled  by  means  of  a  2  x  2  characteristic  matrix  M-,  which  contains  sine  and 
cosine  terms  of  the  phase  thickness  6^,  where 

Bj  =  InwUjdj  (1) 


where  nj  is  the  refractive  index  (lossless  film),  and  dj  the  thickness  of  the  j’th  layer,  w  =  lA  is  the 
wavenumber.  The  assembly  of  m  layers  is  characterized  by  the  matrix  produa  of  all  individual 
characteristic  matrices,  leading  to  a  matrix  A.  This  is  used  to  calculate  an  effective  refractive  index 
n,  [6!.  The  total  reflectance  is  given  by 


(2) 


Both  the  numerator  and  denominator  of  R'""(m’)  contain  sums  of  products  of  sines  and  cosines  of 
the  phase  thickness  of  the  various  layers.  This  implies  that  the  Fourier  spectrum  of  reflectance  of 
the  multilayer  contains  an  infinite  number  of  Fourier  terms,  which  makes  it  impractical  for  obtaining 
thickness  and  other  parameters.  However,  if  the  reflectance  is  first  bilinearly  transformed  [13],  the 
discrete  frequency  components  present  in  the  denominator  are  totally  removed,  leaving  only  a  well 
defmed  number  in  the  numerator  [1 3].  This  transform  is  defined  by: 


where  A,,/'"’(k,l  =  1,2)  are  the  elements  of  the  matrix  A. 

It  can  be  shown  that  the  number  of  Fourier  components  is  given  by!6]: 

N  =  0.5  [3"  +  1] 


For  example,  N  =  5;  14:  41  for  m  =  2:  3:  4,  respectively. 

Homogeneous  multilayer  structure  with  small  refractive  index  steps:  If  the  steps  in  refractive  index 


between  the  various  layers  are  small  (less  than  say  20%),  only  first  order  interference  effects 
have  to  be  taken  into  consideration.  Under  these  conditions,  which  is  typical  for  Ill-V  and  11- 
VI  semiconductors,  the  expression  for  bilinear  transformed  reflectance  becomes  particularly 
simple,  and  the  number  of  discrete  frequency  components  in  its  Fourier  sficetrum  is  reduced 
to  m,  where  m  is  the  number  of  layers{6]. 


^ 

2  4-1 


This  expression  pertains  to  a  layered  structure  where  the  layers  are  numbered  from  the  surface, 
and  with  n„,.,  =  n,,  the  substrate  refractive  index. 

It  can  be  seen  from  eq.(5)  that  the  Fourier  spectrum  of  B‘”'(w)  in  this  instance  consists  of  a 
scries  of  m  delta  functions  convoluted  with  the  Fourier  transform  of  the  data  window.  These 
spectral  peaks  appear  in  the  same  sequence  as  the  interfaces  with  the  surface  at  zero  frequency, 
and  each  of  the  lines  corresponding  to  a  different  interface.  With  relatively  small  changes  in 
refractive  index  between  layers,  the  spectrum  is  an  almost  scaled  cross-sectional  representation 
of  the  layered  medium.  The  amplitudes  of  the  spectral  lines  arc  proportional  to  the  steps  in 
refractive  index  between  the  layers.  The  technique  of  thickness  estimation  is  illustrated  by 
simulated  reflectance  data  of  a  5-layer  AlGaAs-GaAs  structure,  shown  schematically  in  Fig. 
1(a).  The  data  are  simulated  in  the  wavelength  range  0.9  tot  2.25  pm  below  the  direct  band 
edge.  The  refractive  index  of  AI,Ga,.,As  is  a  function  of  the  mole  fraction  x  of  AlAs  in  the 
alloy,  as  well  as  the  optical  wavelength.  Expressions  for  n(x,  A)  were  obtained  from  the  model 
presented  by  Adachi[14J.  We  neglected  the  type  and  doping  dependence  of  the  GaAs  and 
AlGaAs  in  the  simulation.  This  will  not  affect  the  peak  positions  significantly;  only  the 
amplitudes. 

The  layer  parameters,  starting  from  the  front  surface,  arc:  x,  =  0.3;  d,  =  4  pm;  x^  =  0.02; 
dj  =  0.8  pm,  Xj  =  0.2;  d,  =  0.8  pm;  x<  =  0.1;  d<  =  1.3  pm,  x,  =  0.3;  d,  =  15  pm.  These  values 
were  used  to  calculate  the  reflectance  as  a  function  of  inverse  wavelength(6].  The  reflectance 
curve,  shown  in  Fig.  1(b),  was  bilinear  transformed  over  the  inverse  wavelcn^h  range  4450  cm  ‘ 
to  1 1250  cm  *.  The  data  record  was  corrected  for  dispersion,  high-pass  filtered,  zero  padded  and 
Fourier  transformed  by  the  fast  Fourier  transform  (FFT)  algorithm.  The  resulting  Fourier 
power  spectrum  is  presented  in  Fig.  1(c).  Because  the  maximum  step  in  refractive  index  is  less 
than  6%  for  x„,„  =  0.3,  the  Fourier  spectrum  may  be  converted  directly  to  an  approximate  cross 
sectional  view  of  the  multilayer  structure.  The  spectral  peaks  occur  only  at  positions 
corresponding  to  the  interfaces,  with  the  amplitude  of  the  power  spectral  lines  directly 
proportional  to  the  square  of  the  difference  in  fractional  change  in  the  refractive  indices  of 
adjacent  layers. 

The  minimum  thickness  which  can  be  resolved  is  determined  by  the  resolution  of  the  Fourier 
transform,  which  in  turn  depends  on  the  length  of  the  data  record.  If  at  least  one  period  of  a 
signal  is  required  in  order  to  determine  its  Fourier  spectrum,  then: 


2n(w^  -  w^) 


where  (w^,  -  »„,„)  =  available  wavenumber  range.  For  example,  if  n  =  3.5,  and  (w„„-M'„i„)  = 
iCcm  *,  d„i„  =  0.14  pm.  is  limited  by  dispersion  and  absorption,  while  could  be 
restricted  by  free  carrier  effects.  The  deleterious  effects  of  dispersion  may  be  reduced  by  means 
of  a  non-linear  deformation  of  the  wavenumber  axis[15]. 

Buried  inhomogeneous  rejraclive  index  profiles:  Many  processes  involved  in  the  fabrication  of 
electronic  devices  modify  the  dielectric  properties  of  the  materials,  either  by  alteration  of  the 
ciystalline  structure  of  semiconductors  by  ion-implantation,  or  by  electrical  charges  produced 
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Fig.  1(a)  5  layer  AlGaAs-GaAs  structure;  (b)  Simulated  reflectance;  (c)  Fourier  spectrum  of  the  transfonned 
reflectance  versus  optical  thiclo^  2nd. 


Fig.  2  A  buried  gaussian  refractive  indet  profile. 
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Fig.  3(a)  Calculated  bilinear  transtormed 
reflectam  of  silioon  containing  a  buried  layer  with 
a  gaussian  refractive  indcac  profile  with  tip  >  iv 
First  and  second  order  term  are  shown  (n,  3.4S; 

•  4.8;  Sp  »  1.7  pm;  o  <*  0.1  pm). 

Fourier  power  spectrum  of  the  bilinear 
transformed  reflectance.  The  peak  is  located  at 
X  >■  Up  1.75  pm. 
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by  activation  of  dopants  after  annealing  [16,17].  These  dielectric  modifications  can  be  used  to 
evaluate  the  different  manufacturing  processes.  In  fact,  several  measurement  methods  are  based  on 
the  analysis  of  reflectance  measurements,  simuittions  and  least-square  fits  [16-19].  However,  the 
interpretation  of  results  may  get  complicated  when  increasing  the  comptexity  of  the  media. 
Semiconductors  possessing  graded  refractive  index  profiles  are  typical  exarnfries,  as  shown  in  Fig. 
2.  We  have  developed  analytical  solutions  for  reflectance,  bilinear  transformed  reflectance  and 
transmittance  of  these  materials.  Our  formulas  include  first  and  second  order  effects,  but  in  some 
situations  a  first  order  approximation  is  adequate  for  facilitating  the  necessary  computations. 

The  bilinear  transformed  reflectance  for  a  medium  with  a  graded  refractive  index  was  calculated 
by  dividing  a  hypothetical  profile  in  homogeneous  differential  layers  and  treatirig  the  system  as  a 
layered  structure(20,2l  ].  Considering  that  the  thickness  *Ax'  of  every  layer  tends  to  zero;  that  the 
refractive  index  'n'  is  a  function  of  the  depth  ’x’:  and  neglecting  terms  of  order  higher  than  two,  the 
bilinear  transformed  reflectance  can  be  expressed  as; 


«(w)  = 


l*r; 
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2/i,i  1  +'oi 

^Pi(w)  +  : — 
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(7) 


where  rg,  is  the  reflectivity  coefficient  between  air  and  the  surface  of  the  material,  and  the  functions 
p,  and  p},  accounting  for  the  first  and  second  order  effects,  respectively,  are: 
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If  the  refractive  index  change  is  not  very  large,  pj  (w)  can  be  neglected.  In  this  instance 
calculations  using  numerical  methods  are  very  time  efficient  compared  to  the  matrix  method.  With 
this  simplification  some  cases  can  be  solved  analytically,  e.g.  a  gaussian  refractive  index  profile  with 
a  standard  deviation  o,  where  the  refractive  indices  at  the  substrate  and  at  the  peak  are  n,  and  n^, 
respectively,  and  the  depth  from  the  surface  to  the  peak  is  x^.  It  can  be  shown  that  for  |np-n,|  « 
n,,  eq.(7)  can  be  approximated  by: 


B(w)  -  Bg  *  Kwtxp 


2 


siii(4Kn/c^w) 


(10) 


where  K  is  a  constant  dependent  on  a,  n^  and  n..  Eq.(lO)  represents  a  sinusoid  modulated  by  a 
Rayleigh  function,  with  frequency  ’2n,Xp'  proportional  to  the  position  of  the  peak  of  the  gaussian. 
From  eq.(lO)  we  obtain  that  the  maximum  of  the  envelope  occurs  at  =  (4]i)on,)~'.  This  last 
observation  may  be  used  for  estimating  o  from  reflectance  measurements. 

In  order  to  illustrate  the  validity  of  this  theory,  simulations  were  performed  by  means  of  eq.(7) 
as  well  as  by  the  matrix  formulation  111].  The  case  of  a  buried  gaussian  refractive  index  profile  is 
analyzed.  Figure  3(a)  shows  the  bilinear  transformed  reflectance  calculated  with  eqs.(3)  arid  (7)  for 
this  type  of  profile  where  o  =  0.1  pm,  x^  =  1.7  pm,  n,  =  3.45  and  rL  =  4.8.  The  first  order 
approximation  as  well  as  the  second  order  term  are  shown  in  Fig.  3(^.  Note  that  frequency 
information  (2n,x,)  is  produced  by  first  order  effects.  Fourier  spectral  analysis 
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of  the  bilinear  transfoimed  reflectance  (Fig.  3(b))  presents  one  peak  centred  at  1.75  (im,  this 
value  being  very  close  to  that  used  for 

For  moderate  refractive  index  changes,  e.g.  n^^  3.6,  was  negli^ble  for  the  whole 
wavenumber  range  used,  and  simulations  by  means  of  eq.(7)  were  more  than  25  times  faster 
than  those  performed  by  the  matrix  method.  Hie  position  of  the  maximum  of  the  envelope  did 
not  change  significantly  when  changing  between  3.6  and  3.8,  allowing  one  to  determine  o  in 
a  direct  way,  as  it  was  explained  in  the  theory. 

A  closed-form  solution  may  also  be  obtained  for  the  bilinear  transformed  reflectance  of  a 
gaussian-shaped  transition  layer  between  a  surface  layer  of  constant  refractive  index  and  the 
bulk.  Althou^  it  is  usually  assumed  that  sharp  interfaces  exist  between  epitaxial  layers  and 
substrates  in  either  homo-  or  heteroepitaxial  structures,  high  temperature  processing  induces 
diffusion  of  mobile  atomic  species.  The  resulting  graded  refractive  index  profile  between  layers 
possessing  constant  refractive  indices  may  affect  the  optical  properties  significantly.  Suppose 
this  transition  region  can  be  represented  by  a  half-gaussian; 


«(Jt)  =  "a 


+  u(x-d,^n„-«^exp 


2o* 


(11) 


where  n,  is  the  refractive  index  of  the  layer,  d,  is  the  distance  between  the  surface  and  the  start 
of  the  transition  region,  and  u(x)  is  the  unit  step  function.  An  approximate  solution  for  the  first 
order  expression  of  the  bilinear  transformed  reflectance  is  given  for  this  profile  by: 

(fii-l)(«„-nj 

Biw)  =  B.  -  il[G(y)cose,-ff(y)sin6J 


where 

"i  +  l 

Bo  =  -  y  =  4iiort,w  e,  =  4i:nji^w 

G(y)  =  [1.7Lxp(-y*/2)-0.75]exp(-yV6.5) 

H(y)  =  v(ii^yexp(-y*/2) 

The  simulated  reflectance  of  a  material  containing  such  a  layer  is  presented  in  Fig.  4.  The 
following  parameters  were  employed:  n,  =  3.87;  n,  =  3.45;  Xj  =  1  pm;  a  =  0.05  and  0.1  pm, 
respectively.  We  note  from  Fig.  4(a)  and  (b)  that  the  amplitude  of  the  reflectance  diminishes 
with  increasing  wavenumber,  as  well  as  a.  TTie  Fourier  transforms  of  the  bilinear  transformed 
reflectance  of  results  presented  in  Figs.  4(a)  and  (b)  are  shown  as  inserts.  Note  that  the 
spectral  peaks  are  situated  at  x  =  1.05  pm  and  x  =  1.06  pm,  respectively.  This  is  a  few  percent 
larger  than  x,  because  of  the  finite  extent  of  the  transition  region. 

Profiting:  The  refractive  index  profile  in  processed  electronic  and  photonic  material  is  of 
considerable  interest.  It  may  be  directly  related  to  device  performance,  such  as  in  optical 
waveguides,  or  indirectly  when  it  is  useful  for  quality  control  of  processing  steps.  Ion 
implantation,  diffusion,  epitaxy,  oxidatiem  and  ion  exchange  are  common  processing  steps  which 
to  a  greater  or  lesser  extent  alter  the  refractive  index  of  dielectric  media.  For  small  values  of 
the  perturbation  in  the  refractive  index,  the  bilinear  transformed  reflectaixie  for  inhomogeneous 
layers  can  be  inverted.  The  normalized  "ac"  component  of  B(h')  is  obtained  from  eqs.(7)  and 
(8)  (first  order): 


(12) 


(13) 
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For  an  arbitrary  refractive  index  profile  n(x)  for  which  ln(x)-n,l<<n,: 

B(y>)-B^  _ 

0 


(14) 


(15) 


If  it  is  now  assumed  hypothetically  that  the  refractive  index  function  n(x)  is  symmetrical  with 
respect  to  the  origin  x  =  0,  may  be  expressed  as  a  Fourier  transform; 


=  -i^{d(bt(>i(x))))  (16) 

m  I  ti(x)  ]  m 


where  or  =  4im,u'  and  m  is  a  constant. 

Eq.(16)  is  invertible,  allowing  one  to  obtain  the  unknown  refractive  index  profile  from  the 
measured  bilinear  transformed  reflectance.  It  follows  directly  from  eq.(16)  that; 


ii(x)  =  Htexp 


mj  ,^‘{B^>(a>)}dx 
0 


(17) 


If  the  refractive  index  changes  are  not  small,  higher  order  terms  have  to  be  considered,  and 
eq.(15)  modified  accordingly  [22j; 

B®(w)  = 


where  P2(h')  has  been  defined  in  eq.(9). 

The  effect  of  the  second  order  term  can  be  eliminated  from  the  analysis  because  it 
contributes  in  most  cases  only  to  a  slowly  varying  shift  in  the  mean  value  of  the  oscillatoiy  piart 
of  the  bilinear  transformed  reflectance,  as  can  be  seen  in  Fig.  3(a). 

In  order  to  investigate  the  validity  of  the  theoiy,  reflectance  versus  wavenumber  data  was 
generated  for  buried  asymmetric  gaussian  refractive  index  profiles.  The  reflectance  curves  were 
obtained  by  sub-dividing  the  double  gaussian  profile  (standard  deviation  a,  for  x<Xp,  and  for 
x>Xp)  into  a  large  number  of  differential  layers  (>60),  and  subsequently  computing  the 
reflectance  by  the  matrix  technique  (11).  Eq.(17)  was  applied  to  the  bilinear  transformed  data 
when  |np-n,|/  n,  <<  1.  Bilinear  transformed  reflectance  data  for  profiles  which  did  not  satisfy 
this  condition,  was  first  processed  in  order  to  remove  the  second  order  term  expressed  in  eqs.(9) 
and  (18). 

Small  refractive  index  change:  The  simulated  bilinear  transformed  reflectance  for  a  double 
gaussian  profile  with  n,  =  3.45;  n^  =  3.8;  x^  =  1.5  pm;  <r,  =  0.4  pm;  a,  =  0.2  pm,  is  presented 
in  Fig.  5(a).  Following  the  processing  described  by  eqs.(15)  -  (17),  the  estimated  refractive 
index  profile  shown  in  Fig.  5(b)  was  (Stained.  The  discrepant^  of  0.16%  in  the  peak  values 
between  the  estimated  (open  circles)  and  the  actual  profile  (solid  line)  is  caused  by  the  simple 
munerical  integration  routine  which  was  employed  for  the  evaluation  of  the  integral  which 
occurs  in  eq.(17). 

Large  refractive  index  change:  Substoichiometric  oxide/nitride  layers  may  exist  in  as-implanted 
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samples,  particularly  for  closes  below  the  critical  dose  [23].  Under  the  correct  conditions,  which 
depend  on  implant  temperature,  dose,  and  post-implant  anneal,  the  buried  layer  may  convert 
to  an  insulating  layer  with  sharp  interfaces.  This  last  case  had  been  studied  in  gi  eat  detail  by 
various  optical  techniques  (e.gi,7,24j,  and  will  not  be  addressed  in  the  present  work.  Before 
the  high  temperature  anne^,  it  is  reasonable  to  expect  that  the  implanted  material  will  contain 
a  mix^  phase  of  silicon  and  SiN,.  This  will  lead  to  material  with  a  graded  or  inhomogeneous 
refractive  index  proflie  which  is  smaller  than  the  refractive  index  of  silicon.  The  technique  for 
inverting  the  bilinear  transformed  reflectance  in  order  to  obtain  the  refractive  index  profile,  will 
now  be  illustrated  for  a  hypothetical  material  containing  a  double  gaussian  profile  with  n,  = 
3.45;  n,  =  2.7;  Xp  =  1.5  pm;  <r^  =  0.4  pm;  a2  =  0.2  pm.  The  bilinear  transformed  reflectance 
is  shown  in  Fig.  5(c).  Because  the  maximum  change  in  refractive  index  is  nearly  22%,  the 
second  order  term  is  not  negligible.  This  can  be  seen  from  the  asymmetiy  of  the  envelopes 
defined  by  the  maxima  and  minima  in  Fig.  5(c),  respectively.  After  a  simple  digital  signal 
processing  step  which  involves  a  cubic  splines  interpolation  of  these  envelopes,  the  second  order 
term  was  computed  and  subtracted.  Removal  of  the  average  value  Bg  and  ^  normalization  with 
respect  to  B,,  lead  to  the  function  B^'‘>(h').  Following  the  same  procedure  as  before,  the 
estimated  profile  shown  in  Fig.  5(d)  is  obtained.  The  integration  of  the  inverse  Fourier 
transform  in  eq.(17)  was  executed  from  the  surface  towards  the  substrate.  It  can  be  seen  that 
the  estimated  profile  (open  circles)  approximates  the  real  profile  (solid  line)  quite  well  towards 
the  surface,  but  there  is  a  large  discrepancy  on  the  trailing  edge.  The  opposite  is  true  if  the 
integration  is  carried  out  from  the  substrate  towards  the  surface.  A  compromise  which  leads 
to  very  satisfactoiy  results,  involves  integration  from  both  sides  towards  the  peak. 

EXAMPLES 

The  measurement  technique  will  be  illustrated  by  means  of  an  example  for  each  case  discussed. 
Heurostructun  InP-InGoAs-InP:  The  epitaxial  structure  to  be  discussed  was  obtained 
commercially  and  consisted  of  nominally  0.8  pm  InP  /  0.25  pm  InGaAs  /  2  pm  InP  /  5  pm 
InGaAs  on  an  n*  InP  substrate.  A  Hitachi  UV-3400  UV-VIS  spectrophotometer  was  used 
together  with  a  5“  specular  reflectance  attachment  to  measure  the  reflectance  pattern  of  the 
samples  in  the  0.2  to  2.6  pm  wavelength  range. 

The  measured  reflectance  for  the  range  3^  -  8600  cm  *  is  shown  in  Figure  6(a).  There  is 
a  clear  change  in  the  nature  of  the  interference  pattern  at  approximately  w  =  5800  cm '.  This 
change  in  structure  will  be  immediately  apparent  from  the  difference  in  Fourier  spectra  for  the 
high  and  low  wavenumber  domains.  Before  Fourier  transformation,  the  reflectance  is  bilinear 
transformed;  it  is  compensated  for  dispersion  by  a  non-linear  operation  on  the  wavenum''er  axis; 
a  splines  interpolation  routine  is  applied  in  order  to  obtain  equispaced  wavenumber  data;  it  is 
corrected  for  the  baseline;  and  the  mean  value  is  substracted.  The  bilinear  transformed 
reflectance  after  dispersion  compensaticm  is  shown  in  Figure  6(b),  and  the  power  spectral 
density  which  was  calculated  from  the  Fourier  transform,  is  depicted  in  Figure  6(c).  As  was 
expected,  four  distinct  peaks  appear  in  the  spectrum,  and  from  direct  measurement  they  are 
located  at  optical  thickness  nd  equal  to  2.15;  4.435;  10.068  and  28.84  pm,  respectively.  A  quick 
estimate  of  layer  thickness  may  be  obtained  by  using  nominal  values  for  the  refractive  indices, 
namely  n,,^,  =  3.1  [25];  0^,0^  =  3.5  [26J.  If  the  layer  thicknesses  are  denoted  by  d„  dj,  d,  and 
d4,  respectively,  it  follows  that:  d,=  2.15/3.1  =  0.7  pm;  dj  =  (4.435-2.15)/3.5  =  0.65  pm;  d,  = 
(10.068-4.435)/3.1  =  1.82  pm;  d4  =  (28.8^10.068)/3J  =  5.36  pm.  Except  for  the  second  layer 
which  is  much  thicker  than  expected,  the  experimentally  determined  layer  thickness  values  agree 
to  within  10%  with  the  nominal  values.  Better  estimates  may  be  obtained  by  first  calculating 
the  actual  refractive  indices  from  the  amplitudes  of  the  spectral  peaks. 

Buried  gaussian  proJUe:  A  siiicon-on-insulator  (SOI)  sample  was  prepared  using  a  p-type  76.2 
mm  diameter  silicon  wafer  of  <100>  orientation,  8.6  ±1.4  fl-cm  resistivity  (boron  doped)  and 
a  thickness  of  381  ±  20  pm.  The  cleaned  wafer  was  implanted  with  nitrogen  (N*)  to  a  dose 
of  1.8  X  10“cm'^  at  160  keV.  The  beam  current  was  approximately  2  mA  and  the  implant  lasted 
about  2  hours.  The  wafer  temperature  was  kept  at  about  550  °C  by  controlling  the  incident 
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Fig.  8  Experimental  [  18]  (solid  line)  and 
calculated  (dashed  line)  reflectance  of  silicon 
implanted  with  2.7  MeV  phosphorus  to  a  dose  of 
1.74  X  10“  cm*^ 


Fig.  6(a)  Measured  reflectance  of  InP-InGaAs-InP  multilayer  structure,  (b)  Bilinear  transformed  reflectance 
after  dispersion  compensation,  (c)  Power  spectral  density  of  the  bilinear  transformed  reflectance. 


Fig.  7  (a)  Measured  reflectance  for  a  silicon  wafer  implanted  with  1.8  x  10“  cm'*  N*  at  160  keV  (no  post 
implant  anneal).  Data  has  been  corrected  for  the  effect  of  the  amorphous  SiN,  absorption  band  in  the  far- 
infrared  and  for  dispersion  at  high  wavenumbers,  (b)  Bilinear  transformed  reflectance  after  digital  signal 
processing  as  described  in  the  text,  (c)  Power  ^ectr^  density  of  the  bilinear  transformed  reflectance. 

(d)  Estimated  refractive  index  profile  for  the  as-implanted  silicon-on-insulator  sample. 
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beam  current.  The  Hitachi  model  3400  UV-VIS  spectrophotometer  with  a  5'  specular 
reflectance  attachment  was  used  to  measure  optical  reflectance  in  the  0.4S  pm  to  2.6  pm  range, 
while  a  Perkin-Elmer  model  1600  FTIR  with  a  variable  angle  attachment  set  at  an  angle  of  15° 
was  used  to  characterize  the  sample  in  the  1.3  pm  to  SO  pm  range  of  the  spectrum.  From  the 
measurements  in  the  far-infrared  it  was  established  that  this  sample  contained  a  buried  layer 
of  amorphous  silicon  nitride{7].  The  reflectance  data  was  transformed  to  the  wavenumber 
domain  by  inverting  the  wavelength  values,  combining  the  two  files  and  applying  splines 
interpolation  to  the  whole  data  set  in  irder  to  rearrange  the  x-valucs  in  equal  wavenumber 
intervals.  The  combined  data  set  was  corrected  for  dispersion  at  high  wavenumbers(15); 
extrapolated  to  zero  frequency;  and  the  effects  of  the  absorption  band  of  amorphous  silicon 
nitride  removed.  The  final  result  is  shown  in  Fig  7(a).  The  asymmetry  in  the  two  envelopes 
connecting  the  maxima  and  minima  of  the  bilinear  transformed  reflectance,  respectively,  is 
evidence  of  a  relatively  large  change  in  refractive  index.  Next,  the  reflectance  was  bilinear 
transformed  (Fig.  7(b))  to  remove  excess  frequency  component!  [13].  This  is  also  confirmed 
by  the  appearance  of  a  "low  frequency"  peak  in  the  power  spectrum  presented  in  Fig.  7(c).  The 
large  peak  is  located  at  an  optical  thickness  nd  =  1.24  pm,  which,  for  n,  =  3.4S,  corresponds 
to  a  depth  d  =  0.36  pm  below  the  surface.  This  agrees  well  with  the  projected  range  for  160 
keV  nitrogen  in  silicon,  namely  R,  =  0.367  pm  [27]. 

Inhomogeneous  transition  layer:  uperimental  results  of  Hubler  et  al.[16]  will  be  used  to 
demonstrate  the  effect  of  a  transition  layer  between  a  homogeneous  layer  and  a  substrate  with 
different  refractive  index.  Their  research  group  implanted  <  1 1 1  >  Si  with  2.7  Me V  phosphorus 
to  a  dose  of  1.74  x  10“cm  ^  forming  an  amorphous  layer  in  the  top  part  of  the  material  with 
higher  refractive  index  than  the  crystalline  substrate  and  a  gaussian  region  in  between.  By 
means  of  a  least-squares  fit  they  determined  a  thickness  d,  =  2.52  pm  for  the  amorphous  layer, 
and  a  standard  deviation  a  =  0.053  pm  for  the  transition  layer.  From  the  Fourier  spectrum  of 
the  bilinear  transformed  reflectance  we  determined  a  value  d,  =  2.49  pm,  and  from  the  theory 
presented  in  eqs.(12)  -  (13),  a  value  a  =  0.053  pm.  The  measured  and  computed  reflectance 
are  compared  in  Fig.  8. 

Profiling:  The  processed  bilinear  transformed  reflectance  data  pertaining  to  the  nitrogen 
implanted  SOI  sample  will  be  analyzed  according  to  the  procedure  set  out  ^fore.  After  pre¬ 
processing,  and  removal  of  the  second  order  term  p2{w)  as  described  before,  the  data  was  scaled 
with  B,  which  depends  on  n,  in  this  sample;  and  the  mean  value  Bg  was  subtracted.  Finally,  the 
bilinear  transformed  reflectance  B„  of  Fig.  7(b)  was  processed  according  to  the  procedure 
outlined  in  eq.(17).  The  estimated  refractive  index  profile  is  presented  in  Fig.  7(d).  As  is  to  be 
expected,  the  refractive  index  in  the  bulk  and  near  the  surface  is  approximately  the  same,  while 
it  decreases  rapidly  to  a  value  of  2.06  at  a  distance  of  0.34  pm  from  the  surface.  Note  the  good 
correspondence  between  the  position  of  the  minimum  in  the  profile,  and  the  position  of  the 
large  peak  in  the  power  spectrum  presented  in  Fig.  7(c). 


DISCUSSION 

Reflectance  measurements  in  the  visible  and  near-infrared  parts  of  the  optical  spectrum  may 
be  used  to  determine  layer  thickness  and  refractive  index  steps  in  multilayer  heteroepitaxml 
structures.  Under  the  assumptions  of  small  refractive  index  steps,  low  absorption,  coheient 
reflections,  and  near-normal  incidence,  the  algorithm  yields  an  approximate  cross-sectional  view 
of  the  layered  medium.  Since  the  refractive  index  may  be  calculated  directly  from  the 
amplitudes  of  the  spectral  peaks,  the  refractive  index  and  composition  (depending  on  the 
refractive  index  model)  may  be  obtained.  Once  the  refractive  indices  of  the  individual  layers 
are  known,  the  thickness  values  may  be  corrected  in  order  to  achieve  better  accuracy  (<  2%). 

By  analyzing  various  regions  of  the  reflectance  pattern,  for  instance  at  low  and  high 
wavenumbers,  respectively,  it  is  also  possible  to  determine  the  location  of  absorbing  layers  in 
the  multilayer  structure.  This  may  be  seen  from  the  data  for  a  four-layer  structure  consisting 
of  InP-lnGaAs-InP-InGaAs  on  an  InP  substrate. 
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Buried  gaussian  profiles  and  buried  transition  layers  can  be  analyzed  by  the  expressions  for 
bilinear  transformed  reflectance.  Under  certain  simplifying  assumptions,  simple  closed-form 
solutions  are  possible.  Simulated  data  for  both  cases  were  analyzed  by  the  Fourier  transform 
technique  presented  in  the  paper,  and  further  confirmed  by  analysis  of  experimental  data. 

It  has  also  been  shown  that  reflectance  measurements  may  be  used  to  determine  the  shape 
of  buried  refractive  index  proxies  in  lossless  dielectric  media.  This  paper  provided  the 
theoretical  framework  required  to  achieve  this  goal.  If  the  refractive  index  profile  differs  by  a 
relatively  small  amount  from  the  substrate  refractive  index,  the  digital  signal  processing  is  very 
simple.  It  requires  only  the  computation  of  the  oscillatory  part  of  the  scaled  bilinear 
transformed  reflectance,  followed  by  a  fast  Fourier  transform  and  numerical  integration.  This 
was  demonstrated  by  using  simulated  reflectance  data  of  a  buried  double  gaussian  profile. 
Profiles  with  larger  refractive  index  peaks  (or  valleys),  are  somewhat  more  complicated  to 
handle,  but  are  not  intractable.  This  paper  presented  a  simple  technique  to  remove  the  effects 
of  higher  order  terms,  illustrating  it  with  an  example.  Although  the  double  gaussian  profile  in 
this  example  has  a  valley  which  is  22%  smaller  than  the  substrate  refractive  index,  the  profile 
towards  the  surface  was  estimated  quite  accurately.  A  procedure  was  also  outlined  for  achieving 
the  same  accuracy  on  the  trailing  edge  of  the  profile. 

Further  evidence  of  the  utility  of  the  teehnique  was  provided  by  analyzing  reflectance  data 
obtained  from  nitrogen  implanted  silicon.  In  this  instance  the  change  in  refractive  index  was 
roughly  40%,  and  the  profile  was  located  very  close  to  the  surface.  Nevertheless,  the  results 
indicate  correctly  that  a  layer  of  silicon  remains  near  the  surface,  and  that  the  refractive  index 
decreases  rapidly  towards  the  value  Si5N4  at  a  depth  of  0.34  i^m.  The  projected  range  for  l&O 
keV  nitrogen  ions  in  silicon  is  0.367  tim.(27j 
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ABSTRACT 

Semi-insulating  <  100>  GaAs  was  implanted  with  170  ke V  and  P'^  ions  at  room 
temperature  using  a  PH,  source.  Fourier  analysis  of  the  bilinear  transformed  optical 
reflectance  data  in  the  infrared  region  of  the  spectrum  indicated  the  presence  of  two 
damaged  layers  at  different  depths  from  the  surface;  (i)  a  deep  inhomogeneous  layer  of  low 
damage  produced  by  the  protons  and  (ii)  a  thin  amorphized  surface  layer  which  was 
produced  by  phosphorus  ions.  The  position  and  refractive  index  at  the  peak  of  the  assumed 
gaussian  damage  profile  caused  by  the  protons,  as  well  as  the  standard  deviation  of  the 
profile,  were  estimated  rapidly  from  the  processed  data.  The  thickness  and  refractive  index 
of  the  surface  layer  were  also  estimated  from  this  analysis.  The  presence  of  the  amorphized 
surface  layer  was  evident  from  the  reflectance  in  the  ultraviolet  where  shift  and  broadening 
of  the  reflectance  peaks  associated  with  the  Van  Hove  singularities,  were  observed. 


INTRODUCTION 

Ion-implantation  is  often  used  to  selectively  change  the  electrical  properties  of 
semiconductors,  and  during  the  processing  it  is  not  always  possible  to  measure  the  electrical 
characteristics,  especially  when  buried  layers  are  formed.  The  process  does,  however,  also 
change  the  optical  properties  of  the  material  and  therefore  the  use  of  optical  techniques  as 
a  non-invasive  probe  is  an  attractive  option.  Techniques  such  as  differential  reflectance, 
spectroscopic  ellipsometiy,  modulated  optical  reflectance,  Raman  scattering,  and  optical 
spectroscopy,  have  been  employed  in  numerous  situations  where  information  regard  ing  layer 
thickness,  structure,  composistion  and  refractive  index  was  required.[l-6]  Most  of  these 
techniques  suffer  from  drawbacks  such  as  non-linear  least-squares  curve-fit;  convergence 
problems,  limitations  in  the  number  of  layers  and  the  thickness  of  individual  layers,  and 
complex  and  time  consuming  experimental  procedures.  It  has  been  shown  recently  that  the 
anafysis  of  homogeneous  layers  in  electronic  materials  which  possess  small  refractive  index 
steps  between  layers  such  as  heteroepitaxiai  layers  [7],  and  ion  implanted  semiconductors, 
[8,9]  may  readily  be  done  by  means  of  optical  reflectometry  and  digital  signal  processing. 
Most  of  the  abovementioned  problems  are  overcome  using  this  technique.  However,  in 
many  situations  the  refractive  index  of  the  material  changes  as  a  function  of  depth.  This 
may  occur  as  a  result  of  radiation  damage  by  ion-implantation,  or  from  the  charge  carrier 
contribution  to  the  refractive  index  at  long  wavelengths  where  the  carrier  concentration 
itself  is  a  function  of  the  ion  implantation  or  diffusion  profile.[10-lS]  Optical  reflectometry 
has  been  applied  in  the  past  in  order  to  study  these  graded  materials,  but  at  the  expense  of 
simplicity.  Since  no  closed-form  solution  existed  for  reflectance,  it  required  elaborate 
parameter  estimation  procedures  applied  to  multi-parameter  models.[10-15]  In  this  paper 
we  will  present  the  characterization  by  optical  reflectometry  and  signal  processing 
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techniques  of  a  GaAs  substrate  implanted  with  both  protons  to  form  a  buried  damaged 
layer,  and  phosphorus  which  creates  a  damaged  surface  layer.  A  very  brief  outline  of  the 
theory  which  was  used  to  analyze  the  reflectance  spectra  will  be  given,  followed  by  the 
results. 


THEORY 

Some  processed  electronic  materials  such  as  nitrogen  implanted  silicon  or  semi-insulating 
GaAs  implanted  with  protons,  show  refractive  index  changes  that  can  be  approximated  by 
a  gaussian  profile  superimposed  onto  a  background  of  constant  refractive  index.  The 
refractive  index  profile  can  be  described  by 


where  n,  is  the  refractive  index  of  the  substrate,  n^  the  refractive  index  at  the  peak  of  the 
gaussian,  and  a  are  the  physical  position  of  the  peak  and  the  standard  deviation  of  the 
gaussian,  respectively.  The  theory  was  developed  on  the  basis  that  this  continuous  gaussian 
refractive  index  profile  can  be  divided  into  differential  layers  of  infinitesimal  thickness  dx 
having  a  refractive  index  n(Xj),  and  element  j  is  found  at  a  depth  Xj.  The  bilinear 
transformed  reflectance[16]  at  a  particular  wavelength  A  is  'len  given  by[17J 


B(k)  = 


1-^0. 


2r0,  /•  1  dn(x)  4ii 
— —  I - ^cos  — 


(2) 


where  roi  =  (1  -  ni)/(l  +  n,)  is  the  reflectivity  coefficient  between  air  and  the  surface  of  the 
material  under  investigation,  n,  is  the  refractive  index  at  the  surface.  The  reflectance  is 
found  by  applying  [18] 


R(l)  = 


B(A.)  +  1 


(3) 


In  the  specific  case  when  |(np  -  n,)|<<n,  eq.(2)  becomes  in  the  wavenumber  domain 


(4jt  on.w)' 

B(w)  =  Bg+Kwexp - - - 


sin(4ii/jx  w) 


(4) 


The  constant  K  depends  on  a,  n,  and  n^,  and  w  =  1/ A.  On  closer  inspection,  one  finds  that 
eq.(4)  describes  a  sinusoid  which  is  modulated  by  a  Rayleigh  function,  of  which  the 
frequency  2n^  is  proportional  to  the  peak  position  Xp.  The  standard  deviation  of  this 
gaussian  distribution  is  found  by  setting  the  derivative  of  eq.(4)  with  respect  to  wavenumber 
equal  to  zero  and  solving  for  a  =  (4inVpn,)  '  with  the  wavenumber  at  which  the  peak 
occurs. 

The  phosphorus  implant  causes  an  amorphized  surface  layer,  which  is  different  from 
the  damage  caused  by  the  proton  implantation.  This  layer  is  considered  to  be  a  single  layer 
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on  the  surface  with  a  different  refractive  index  than  the  substrate. 

SAMPLE  PREPARATION  AND  MEASUREMENTS 

Semi-insulating  Cr-doped  <100>  GaAs  was  implanted  with  170  keV  protons  and  170 
keV  P*  to  a  dose  of  1.5  x  10“cm  The  incident  beam,  sourced  from  PH,  gas,  was  7°  off 
from  the  <  100>  axis  to  reduce  channeling.  The  implant  current  was  kept  at  approximately 
1.5  (lA.  Annealing  of  radiation  defects  during  implantation  was  minimized  by  improving 
the  thermal  contact  between  sample  and  holder.  In  addition,  the  implantation  was 
interrupted  and  the  sample  allowed  to  cool  each  time  the  temperature, as  measured  by  a 
thermocouple  at  the  clips  holding  the  sample,  rose  to  50°C.  Reflectance  measurements  for 
500  cm  ‘  <  w  <  4800  cm  ‘  were  performed  using  a  Fourier  transform  infrared  spectrophoto¬ 
meter  (Perkin  Elmer  1600)  with  a  17“  angle  of  incidence.  For  the  wavenumber  range  4800 
cm  '  <  w  <  50000  cm  ',  the  Hitachi  UV-3400  UV-VIS  spectrophotometer  was  used  with  a 
5°  angle  of  incidence. 


DISCUSSION 

The  experimental  reflectance  spectrum  is  compared  in  Figure  1  with  a  theoretical  curve 
calculated  for  unimplanted  GaAs.  The  reflectance  generally  increases  with  wavenumber 
because  of  dispersion.  The  maxima  at  approximately  24000  cm  '  and  41000  cm  '  are 
associated  with  Van  Hove  singularities  corresponding  to  the  Aj  -*  A,  and  the  X5  -*  X, 
transitions,  respectively.!  19]  In  Figure  2  the  data  pertaining  to  a  reduced  wavenumber 
range  (500  cm  '  to  12500  cm  ')  is  shown.  The  baseline  (average  value)  was  substracted  from 
the  reflectance  curve.  Two  distinct  oscillations  are  observed  in  this  curve;  a  high  frequency 
corresponding  to  a  thick  layer,  and  a  much  lower  frequency  component  which  indicates  the 
existence  of  a  thin  layer  near  the  surface.  This  data  was  then  bilinear  transformed,  zero 
padded  to  4096  data  points  and  a  fast  Fourier  transform  executed.  The  resulting  p)ower 
density  spectrum  is  depicted  in  Figure  3.  It  clearly  shows  the  two  expected  frequency 
components.  The  peak  to  the  right  is  related  to  the  position  of  the  peak  of  the  damage 
produced  by  the  implantation  of  protons.  Using  n,  =  3.34  (at  400  cm  ')(12],  we  measured 
its  position  to  be  1.52  pm,  which  agrees  to  within  1.3%  with  the  depth  value  of  1.54  pm 
which  was  interpolated  from  SIMS  measurements  by  Wilson  et  al.[20]  on  GaAs  implanted 
with  protons  at  room  temperature.  The  peak  to  the  left  of  Figure  3  is  indicative  of  a 
surface  layer  of  0.16  pm  thick.  The  mean  range  calculated  from  a  TRIM  simulation[21]  for 
GaAs  implanted  with  170  keV  phosphorus  ion  is  approximately  0.154  pm.  This  value  agrees 
well  with  the  estimated  thickness  of  the  surface  layer.  The  refractive  index  n,„,,  of  the 
surface  layer  was  estimated  to  be  3.4.  The  estimated  value  was  expected  to  be  lower  than 
the  actual  value,  because  as  observed  from  Figure  2,  it  was  only  possible  to  analyze  one 
cycle  of  the  low  frequency  oscillation.  Under  this  condition,  a  good  thickness  estimate  can 
be  expected,  but  not  an  accurate  value  for  refractive  index. 

Simulations  performed  by  means  of  the  first  order  approximation  indicated  that  the 
refractive  index  of  the  damaged  layer  produced  by  the  implantation  of  protons,  was  lower 
than  the  refractive  index  of  the  substrate.  Figure  4  is  a  comparison  of  the  measured 
reflectance  data  and  the  reflectance  curve  calculated  by  eq.(2)  and  (3)  using  the  following 
parameters:  n,  =  3.34;  np  =  3.26;  a,  =  0.092  pm;  =  0.2  and  Xp  =  1.56  pm.  The  curve 
fit  is  not  good  when  the  refractive  index  at  the  peak  of  the  double-gaussian  is  assumed  to 
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Experimental  reflectance  of  <100>  semi-insulating  GaAs  implanted  at  room 
temperature  with  170  keV  protons  to  a  dose  of  1.5  x  10“  cm'^  Calculated 
reflectance  for  single  ciystalline  GaAs  is  shown  by  the  dashed  line. 


Fig.  2  Oscillatory  component  of  the  reflectance  of  <  100>  semi-insulating  GaAs  implanted 
at  room  temperature  with  170  keV  protons  to  a  dose  of  1.5  x  10“an'l  Wavenumber 
range:  500  cm'*  to  12500  cm'*' 
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Fig.  3  Fourier  spectrum  of  the  bilinear  transformed  reflectance  of  <100>  semi-insulating 
GaAs  implanted  at  room  temperature  with  170  keV  protons  to  a  dose  of  1.5  x 
10'‘cm*. 


Fig.  4  Comparison  between  the  simulated  and  measured  oscillatory  cmnponent  (high  pa« 
filtered)  of  the  reflectance  of  <100>  semi-insulating  GaAs  implanted  at  room 
temperature  with  170  keV  protons  to  a  dose  13  x  10“cm'^ 
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be  higher  than  that  of  the  substrate.  Snyman  and  Neethling|22]  studied  GaAs  implanted 
under  similar  conditions  (energy  200  keV)  and  calculated  standard  deviations  of  the  double- 
Gaussian  damage  profile  o,  =  0.091  pm  and  Oj  0.082  pm,  respectively.  While  the  value 
of  a^  is  a  close  estimate,  the  large  discrepancy  in  the  value  of  is  still  unknown. 

In  Figure  1  the  measured  reflectance  and  the  calculated  reflectance  curve  of 
crystalline  GaAs  is  compared.  The  theoretical  curve  was  simulated  by  employing  the 
refractive  index  and  extinction  coefficient  values  published  by  Palik  [23].  The  experimental 
curve  shows  broadening  of  the  peaks,  as  well  as  shift  of  the  peak  positions  in  the  ultraviolet 
region  of  the  spectrum.  The  double  peak  at  approximately  24000  cm  '  was  smoothed  out, 
while  the  peak  at  41000  cm  '  moved  towards  lower  wavenumbers  at  approximately  40000  cm 
'.  The  rounding  of  the  peaks  in  the  ultraviolet  is  indicative  of  the  amorphization  of  the 
surface  layer,  while  the  shift  in  the  peak  position  at  40000  cm  '  could  be  attributed  to  stress 
in  the  surface  layer.[24]  The  exact  nature  of  the  stress,  whether  it  is  compressive  or  tensile, 
is  not  known  at  the  moment. 
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ABSTRACT 

Three  BPSG  calibration  sets  were  analyzed  using  infrared  external  reflection-absorption 
spectroscopy:  1)  21  films  deposited  on  undoped  silicon  coated  with  0. 1  /^m  of  silicon  dioxide,  2)  21 
films  deposited  on  undoped  silicon,  and  3)  9  films  deposited  on  microelectronics  product  wafers 
A  multivariate  partial  least  squares  analysis  of  the  spectral  data  for  the  first  large  data  set  showed 
that  boron  content,  phosphorus  content,  and  film  thickness  can  be  quantified  with  precisions  of  0  10 
wt%,  0.12  wt%,  a^  30  A,  respectively.  The  second  large  data  set  yielded  similar  results.  The 
precisions  obtained  for  the  nine  product  wafer  samples  were  0. 1 3  wt%  B,  0.09  wt%  P,  and  for  film 
thickness  103  A. 


INTRODUCTION 

Borophosphosilicate  glass  (BPSG)  thin  films  are  widely  used  in  the  microelectronics  industry 
as  passivation  layers,  planarization  layers,  low-fusion-temperature  dielectrics,  etc '  Currently 
available  analytical  methods  for  determining  boron  and  phosphorus  content  in  BPSG  films  do  not 
meet  the  demands  of  at-line  or  in-silu  quality  control  process  monitoring  Infrared  (IR)  spectroscopy 
satisfies  many  of  the  at-line  or  in-situ  issues,  but  has  only  recently  been  capable  of  providing 
quantitative  results  using  undoped  and  unpattemed  silicon  substrates  .  For  a  review  on  the  use  of 
quantitative  IR  methods  for  dielectric  thin  film  analysis,  see  ref  [2].  A  quantitative  IR  analysis  of 
dielectric  thin  films  deposited  on  doped  and  patterned  silicon  wafers,  which  are  used  in  fabricating 
actual  microelectronics  product  wafers,  has  not  previously  been  reported,  primarily  due  to  the  fact 
that  doped  silicon  is  not  ^-transparent.  Thus,  any  IR  technique  used  for  monitoring  the  production 
of  BPSG  thin  films  on  actual  product  wafers  cannot  involve  IR  transmission.  IR  external  reflection- 
absorption  spectroscopy  (IRRAS)  is  one  technique  that  can  satisfy  the  requirements  for  quality 
control  of  BPSG  thin  films  on  product  wafers.  In  this  study,  we  use  IRRAS  and  partial  least-squares 
multivariate  calibration  for  quantitative  and  simultaneous  determination  of  boron  content, 
phosphoius  content,  and  film  thickness  in  BPSG  thin  films  deposited  on  both  undoped/unpattemed 
and  doped/pattemed  silicon  wafers. 


EXPERIMENTAL 

Two  2 1 -sample  BPSG  calibration  sets  were  prepared  on  150  mm  silicon  wafers  using  a 
TEOS-BPSG  process  at  a  deposition  temperature  of 430°C,  One  set  was  deposited  on  uncoated, 
undoped,  and  unpattemed  silicon  (monitor)  wafers  and  the  other  was  deposited  on  monitor  wafers 
previously  coated  with  0. 10  ^tm  of  silicon  dioxide  (oxide-coated  monitor  wafers).  The  BPSG  films 
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were  then  annealed  at  800°C  in  steam  for  10  minutes  followed  by  a  900°C  treatment  in  nitrogen  for 
20  minutes.  BPSG  film  thickness  in  the  samples  deposited  on  monitor  wafers  varied  between 
0.671 1  and  0.8218  fjxtL,  as  measured  with  a  Nanospec  film  thickness  analyzer  Boron  ranged 
between  2.80-5.24  wt%  while  phosphorus  spanned  3  17-5  25  wt%,  based  on  quantitative  wet 
chemical  aiudyses  (Balazs  Laboratories,  Sunnyvale,  CA)  of  half-wafers  from  the  set  deposited  on 
monitor  wafers.  The  reported  precisions  of  the  reference  methods  for  both  B  and  P  content  were 
reported  as  sO.  1  wt%.  The  precision  of  the  film  thickness  measurement  was  reported  as  ±30  A, 
which  was  the  standard  deviation  of  five  measuronents  taken  within  a  1-cm  pattern  centered  on  the 
wafer.  The  sister  set  of  BPSG  samples  deposited  on  oxide-coated  monitor  wafers  were  assumed  to 
possess  the  same  values  for  B,  P,  and  film  thickness  as  described  for  corresponding  samples  in  the 
monitor  wafer  set.  Uang  the  same  TEOS-BPSG  process  described  earlier,  nine  BPSG  samples  were 
deposited  on  doped  and  patterned  silicon  (product)  wafers.  These  product  wafer  samples  were 
produced  with  a  proprietary  0  65  //m  CMOS  process  and  then  coated  with  BPSG  thin-films  having 
3.0-5.2  wt%  B,  3.2-S.3  wt%  P,  and  0.67-0.79  ixm  film  thickness.  These  nine  samples  each  possessed 
a  sister  wafer  in  the  monitor  wafer  calibration  set,  so  their  individual  B,  P,  and  film  thickness 
parameters  were  presumed  to  be  the  same  as  the  corresponding  sister  samples  in  the  monitor  set 

IRRAS  spectra  were  obtained  using  a  Nicolet  800  FTIR  spectrophotometer  equipped  with 
a  DTGS  (deuterium  triglycine  sulfate)  detector.  Spectra  were  obtained  by  averaging  32  4  cm'' 
resolution  scans.  BPSG  samples  were  held  in  a  modified  Harrick  reflection  accessory  at  25° 
incidence  (relative  to  wafer  surface  normal).  Each  sample  spectrum  was  ratioed  to  a  background 
spectrum  obtained  fi-om  a  gold  mirror  to  produce  the  appropriate  reflectance  (R/Ro)  spectrum  The 
spectral  data  are  reported  as  -log  (R/Ro)  versus  frequency.  Multivariate  analysis  was  performed  on 
the  -log  (R/Rfl)  data  using  the  particular  partial  least-squares  (PLS)  algorithm  that  calibrates  and 
predicts  each  component  property  separately  from  the  same  spectral  data  (PLSl)  The  PLSl 
algorithm  has  been  described  in  detail  elsewhere’. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  IRRAS  spectra  of  the  21  BPSG  samples  deposited  on  oxide-coated 
monitor  wafers.  The  features  of  these  types  of  spectra,  including  absorption  band  assignments  and 
optical  eflFects,  have  been  described’  *.  Briefly,  Iwron  information  is  primarily  observed  in  the  B-O 


Figure  1.  IRRAS  spectra  at  25  °  of  21  BPSG  thin  films  on  oxide-coated  monitor  wafers. 
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band  (1300-1500  ctn  )  and  the  B-O-Si  band  (ca.  900  cm  ),  and  phosphorus  information  is  primarily 
observed  in  the  P=0  band  (shoulder  at  ca  1310  cm  ')  that  is  highly  overlapped  with  the  B-O  band 
Information  regarding  the  film  thickness  is  primarily  contained  in  the  strongly  absorbing  Si-O  band 
centered  at  about  1 100  cm  in  IR  transmission  spectra.  This  band  appears  as  a  pseudo  first 
derivative  feature  (1000-1150  cm  ')  in  the  IRRAS  spectra  of  Fig  1  due  to  thin  film  optical  effects 
The  pseudo  first  derivative  structures  present  in  IRRAS  spectra  of  thin  films  are  examples  of 
nonlinear  spectral  behavior  that  can  significantly  increase  the  difficulty  of  achieving  a  quantitative 
analysis  based  on  the  spectral  data.  In  such  a  situation,  adequate  quantitative  results  generally 
depend  on  the  use  of  a  multivariate  calibration. 

Figure  2  details  the  results  of  predicting  boron  content  from  the  BPSG  IRRAS  spectra  in 
Figure  1,  using  a  PLSl  calibration  model  The  calibration  procedure  for  boron  consisted  of  taking 
the  first  derivative  of  the  spectral  data  between  890  and  1600  cm  and  dividing  the  spectral 
intensities  by  the  film  thickness  for  a  given  sample  prior  to  application  of  the  PLSl  algorithm  The 
combined  model  error,  bias,  and  experimental  error  are  described  by  the  standard  error  of  prediction 
(cross-validated)  statistic  ,  denot^  SEP(CV)  llie  line  through  the  21  points  in  Fig  2  represents 
the  least-squares  fit  to  the  data.  The  SEP(CV)  value  for  boron  in  Fig.  2  (0. 10  wt%)  is  based  on  the 


Figure  2.  PLS 1  -prediction  of  boron  in  BPSG  films  from  the  IRRAS  spectral  data  in  Fig.  1 . 


difference  between  the  cross- validated,  PLSl -predicted  boron  values  and  reference-method  boron 
values.  It  is  germane  to  note  that  this  SEP(C  V)  for  boron  is  equivalent  to  the  reported  precision  of 
the  reference  method  for  boron  determination  (sO.  I  wt%).  The  SEP(CV)  plots  for  phosphorus  and 
film  thickness  appear  similar  to  Fig.  2,  with  SEP(C V)  for  P  of  0. 1 2  wt%  and  for  film  thickness  of 
30  A.  The  SEP(CV)  for  P  is  similar  to  the  precision  of  the  reference  method  (sO.  1  wt%),  and  the 
SEP(CV)  for  film  thickness  is  equivalent  to  the  variation  of  film  uniformity  and  instrument  error 
(±30  A)  in  a  1-cm  pattern  centered  on  the  wafer.  The  PLSl  analysis  of  IRRAS  spectra  of  BPSG 
films  on  monitor  wafer  samples  yields  similar  quantitative  results. 

Figure  3  shows  the  IRRAS  spectra  of  the  nine  BPSG  samples  deposited  on  product  wafer 
samples.  The  spectral  data  in  Fig.  3  exhibit  features  similar  to  those  in  the  IRRAS  spectra  of  Fig 
1,  with  two  significant  exceptions.  The  silicon  phonon  band  at  610  cm  ,  for  example,  is  absent  in 
Fig.  3.  The  presence  or  absence  of  this  band  indicates  whether  or  not  radiation  reaching  the  detector 
has  passed  through  the  silicon  wafer.  The  presence  of  the  phonon  band  in  Fig.  1  is  an  indication  that 


95 


I<'«gure  3.  IRRAS  spectra  at  25  °  of  nine  BPSG  thin  films  deposited  on  product  wafers. 


at  least  some  fiaction  of  the  radiation  reaching  the  detector  is  a  result  of  reflection  from  the  backside 
of  the  wafer.  The  absence  of  the  feature  in  Fig.  3  is  an  indication  that  none  of  the  radiation  reaching 
the  detector  is  a  result  of  backside  reflection.  Another  indication  of  how  the  different  substrates 
affect  the  BPSG  IRRAS  spectra  is  shown  by  the  approximate  doubling  of  some  reflection-absorption 
signals  (-log  (R/R  ))  in  the  product  wafer  spectra  (Fig.  3)  over  the  oxide-coated  monitor  wafer 
spectra  (Fig.  1).  This  means  that  less  IR  radiation  reaches  the  detector  in  some  spectral  regions  (e  g., 
800-1050  and  1250-1450  cm  )  of  Fig.  3  compared  to  Fig.  1,  probably  because  the  IR  absorptivity 
and  reflectivity  differ  in  the  two  types  of  substrates.  As  a  result,  the  major  BPSG  bands  (at  about 
1370, 1320, 1000,  and  900  cm  )  in  the  IRRAS  spectra  of  product  samples  appear  larger  than  those 
in  the  IRRAS  spectra  of  the  BPSG  samples  on  oxide-coated  monitor  wafers  in  Fig  1 .  The  greater 
magnitude  of  the  band  intensity  variations  may  possibly  be  related  to  differences  in  the  refractive 
index  of  the  two  different  substrates  and/or  to  the  relative  nagnitudes  of  the  incident  IR  wavelength 
(6-25  Mtn)  and  the  pattern  feature  sizes  (0.65  //m)  in  the  product  wafer  samples,  but  these  effects 
have  not  been  studied.  Given  the  favorable  appearance  of  the  IRRAS  spectra  of  product  wafers 
(major  BPSG  band  intensities  vary  systematically  with  BPSG  property  values),  a  PLSl  calibration 
of  the  IRRAS  BPSG  product  wafer  spectra  was  performed. 

For  comparing  the  PLSl  calibration  results  of  product  and  oxide-coated  monitor  BPSG 
samples,  the  nine  samples  in  the  oxide-coated  monitor  set  that  correspond  to  the  nine  product  wafer 
samples  were  selected.  PLSl  calibrations  were  performed  on  both  sets  of  nine  samples,  and  the 
results  for  the  boron  calibrations  are  detailed  in  Figure  4.  For  the  nine  oxide-coated  monitor  BPSG 
samples,  the  PLSl  boron  calibration  model  used  spectral  frequencies  between  927  and  1500  cm'' 
and  preprocessed  the  spectral  data  by  scaling  the  spectra  for  relative  dielectric  film  pathlength  and 
performing  a  linear  baseline  correction  for  all  spectra  over  the  927  to  1 500  cm  calibration.  The 
PLSl  boron  calibration  model  for  the  nine  BPSG  product  wafer  samples  used  a  calibration  range 
of  455-1500  cm"'  and  linear  baseline  correction  for  spectral  data  preprocessing  As  shown  in  Fig. 
4,  the  boron  SEP(CV)  value  for  the  nine  oxide-coated  monitor  BPSG  samples  is  0. 1 1  wt%,  while 
that  for  the  corresponding  product  samples  is  0. 13  wt%.  For  phosphorus  determination,  the  nine 
oxide-coated  monitor  BPSG  samples  produced  a  SEP(CV)  of  0.09  wt%  and  the  nine  product  wafers 
yielded  0.09  wt%  as  well.  Film  thickness  was  predicted  with  a  SEP(CV)  of  120  A  for  the  oxide- 
coated  monitor  samples  and  103  A  for  product  samples.  The  results  for  each  BPSG  component 
property  using  nine  oxide-coated  monitor  BPSG  samples  are  not  statistically  different  than  the 
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Figure  4.  PLSl -prediction  of  boron  in  BPSG  films  from  the  IRRAS  spectral  data  in  Fig.  3 
and  nine  of  the  spectra  in  Fig.  1 . 


results  obtained  using  the  nine  product  BPSG  samples.  Although  these  results  have  been  obtained 
with  a  limited  sample  set,  they  suggest  that  BPSG  component  concentrations  can  be  calibrated  to 
within  the  precision  of  the  reference  methods  for  both  monitor  and  product  wafers  using  PLSl 
multivariate  calibration  of  BPSG  IRRAS  spectra. 


CONCLUSIONS 

PLSl  multivariate  calibration  of  BPSG  IRRAS  spectra  provides  a  rapid  (<1  min.),  at-line 
or  in-silu,  nondestructive,  and  quantitative  process  monitor  for  quality  control  of  BPSG  component 
properties  that  is  especially  important  to  the  microelectronics  industry  Calibration  precision 
comparable  to  that  of  the  reference  methods  used  to  deteimine  boron,  phosphorus,  and  film  thickness 
can  be  achieved  using  BPSG  samples  deposited  on  monitor  and  oxide-coated  monitor  wafers. 
Equivalent  calibration  precision  (for  B  and  P)  or  slightly  worse  precision  (for  film  thickness)  were 
obtained  using  a  limited  number  of  BPSG  thin  films  deposited  on  product  wafers  However,  the 
calibration  results  using  the  nine  corresponding  BPSG  films  on  oxide-coated  monitor  wafers  showed 
the  same  trends  in  precision  as  the  product  samples,  suggesting  that  the  slightly  worse  precision  for 
thickness  may  be  related  to  the  limited  sample  size.  Thus,  PLSl  calibration  of  BPSG  IRRAS  spectra 
is  a  very  promising  technique  for  the  characterization  of  BPSG  thin  films  deposited  on  product 
wafers.  The  availability  of  such  a  technique  will  greatly  enhance  the  quality  control  of  BPSG  films 
used  in  actual  microelectronics  devices. 
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ABSTRACT 

Near  normal-incidence  spectral  reflectance  has  been  used  to  monitor  the  growth  of  AlAs, 
GaAs,  and  AlGaAs  thin  films  by  MOCVD  in  real  time.  The  method  has  been  used  in  a  research 
rotating  disk  CVD  reactor  and  in  a  modified  commercial  horizontal  channel  reactor.  Reflectance  is 
simple,  robust,  and  is  insensitive  to  perturbations  such  as  mechanical  strains,  wafer  rotation,  and 
imperfect  windows  commonly  encountered  in  an  actual  MOCVD  system.  Data  may  be  collected 
over  a  wide  spectral  range,  390  to  950  nm,  in  less  than  one  secC  id  using  a  multichannel  detector  and 
broad-band  light  source.  This  wide  bandwidth  provides  detailed  compositional  discrimination  and 
greater  thickness  sensitivity  than  single-wavelength  measurements.  The  technique  may  be  used  to 
extract  wavelength-dependent  optical  constant  data  under  growth  temperature  conditions.  Examples 
from  the  growth  of  multi-layered  structures  used  in  the  fabrication  of  Vertical  Cavity  Surface 
Emitting  Lasers  is  presented.  The  method  shows  promise  as  a  valuable  tool  in  process  modeling, 
optimization,  and  control. 


INTRODUCTION 

The  increasingly  stringent  thin-film  requirements  that  are  dictated  by  the  next  generation  of 
microelectronic  and  optoelectronic  devices  is  placing  a  burden  on  present-day  MOCVD  thin-film 
growth  technology.  Currently,  epitaxial  film  structures  are  grown  by  a  complex  limed  recipe 
obtained  from  a  tedious  set  of  calibration  runs.  After  each  run,  post-process  analysis  is  used  to 
determine  whether  the  desired  structure  and  film  thickness  properties  have  been  achieved.  This 
approach  is  adequate  for  simple  structures.  However,  complex  structures  may  require  two  to  three 
times  as  many  calibration  runs  as  production  runs.  It  is  also  common  for  a  perfected  recipe  to 
unexpectedly  fail  when  one  of  the  many  dozens  of  process  controls  changes  its  behavior. 

To  address  the  need  for  better  process  control,  real-time,  in  situ  monitoring  of  the  thin  film 
growth  is  being  developed  as  a  means  by  which  one  may  reduce  calibration  runs,  detect  problems  as 
they  occur  rather  than  after  a  long  run,  and  ultimately  to  lake  an  active  role  in  directly  controlling 
growth  and  materials  properties. 

Tb  be  truly  useful  in  a  MOCVD  processing  environment,  an  ideal  in  situ  monitor  must  meet  the 
following  requirements:  I)  It  must  record  information  at  real-time  acquisition  rates  (~  second  time 
scales)  over  a  full  growth  run  that  may  last  hours.  2)  It  must  operate  under  the  actual  growth 
conditions  necessary  to  produce  device-quality  films.  This  includes  high  temperatures,  reduced 
pressures,  and  substrate  rotation  in  a  commercial  reactor  that  has  not  necessarily  been  designed  for  in 
situ  monitoring.  All  this  must  be  accomplished  without  perturbing  the  materials  properties  of  the 
film.  3)  The  method  must  be  simple,  cost  effective,  robust,  and  require  infrequent  calibration  to  be 
viable  in  a  production  application.  4)  Finally,  the  ideal  monitor  should  provide  quantitative 
measurements  of  desired  materials  properties  such  as  thickness  and  composition  to  enable  real-time 
closed-loop  process  control,  eliminating  the  need  for  calibration  runs  and  the  timed-recipe  approach. 
The  device  grower  may  thus  have  direct  control  over  the  final  product  rather  than  indirect  control  via 
temperature,  pressure,  flow  rates  and  a  timed  recipe. 

In  this  paper  we  investigate  the  viability  of  normal-incidence  spectral  reflectance  (NSR)  as  an  in 
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I  situ  monitor  for  MOCVD  thin  Him  growth.  Reflectance  measurements  have  been  used  for  many 

i  years  to  monitor  thin  film  growth  in  a  wide  variety  of  commercial  and  research  applications  in  areas 

I  other  than  CVD[1].  Recently,  a  number  of  research  groups  have  reported  the  use  of  single¬ 

wavelength  laser  reflectance  in  MOCVD  applications[2-6).  Spectral  reflectance  has  the  added 
^  potential  to  not  only  provide  thickness  information,  but  it  may  also  be  used  to  extract  important 

materials  information  such  as  composition  via  spectral  features  in  the  reflectance. 

I  The  normal  incidence  spectral  reflectance  method  has  the  following  advantages;  1)  It  is  simple 

*  to  implement  because  it  requires  only  one  access  window.  2)  The  method  is  insensitive  to  the 

polarization  of  light,  allowing  less-than-ideal  window  materials  to  be  used  if  necessary.  3)  A 
I  tungsten  lamp  may  be  used  as  a  broad-band  light  source.  These  lamps  are  extremely  stable,  allowing 

DC  detection  to  be  used.  4)  New,  inexpensive  fiber  optic  CCD  spectrographs  are  now  available 
allowing  one  to  obtain  a  complete  spectrum  from  3S0nm  to  lOSOnm  in  a  fraction  of  one  second.  The 
fiber  optics  simplifies  access  to  the  MOCVD  chamber  and  mitigates  optical  alignment  problems.  5) 
The  method  is  insensitive  to  the  exact  incidence  angle  under  near-normal  conditions.  This  allows  the 
method  to  be  used  with  rotating  substrates.  6)  Calibration  is  straightforward  because  semiconductor 
wafers  are  used  as  substrates.  The  optical  properties  of  these  wafers  is  highly  reproducible, 
'  providing  a  self-calibration  of  the  absolute  reflectance  at  the  beginning  of  each  MOC\h3  run. 

Perhaps  the  most  significant  disadvantage  of  the  NSR  technique  is  the  perception  that  it  is  not 
sensitive  enough  to  satisfy  the  needs  of  an  in  situ  monitor.  As  we  will  demonstrate,  this  perception 
!  is  not  necessarily  valid.  The  signal-to-noise  achievable  in  our  NSR  experiments  indicate  that 

monolayer  sensitivity  is  indeed  possible. 


EXPERIMENTS 

Fig.  1  shows  schematics  of  the  arrangements  used  to  record  spectral  reflectance  data  in  a 
home-built  rotating  disk  research  reactor  and  in  a  commercial  horizontal  channel  MOCVD  reactor. 
Light  from  low-wattage  (5-lOOW)  tungsten  lamp  sources  is  fed  through  multimode  fibers,  imaged 
on  the  substrate,  and  the  reflected  signal  is  fed  into  a  small  (1/4  or  1/8  m)  focal  length  spectrograph. 
Two  reflectance  configurations  are  shown.  In  Fig.  la,  near-normal  incidence  (5  degree  incidence 
angle)  reflectance  is  recorded  with  separate  imaging  and  receiving  optics.  Fig  Ib  shows  true  normal 
incidence  spectra  recorded  with  a  bifurcated  fiber  and  a  single  lens  acting  as  imaging  and  receiving 
optics. 


(a)  (b) 


Figure  1.  Schematic  of  spectral  reflectance  apparatus  in  a  research  (a)  and  in  a 
commercial  (b)  MOCVD  reactor. 
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Absolute  reflectance  values  were  obtained  by  measuring  the  room-temperature  reflectance  of 
the  GaAs  wafer  with  a  Strong-type  reflectometer(7].  This  was  then  used  to  produce  an  absolute 
reflectance  spectrum  from  the  spectra]  signal  off  the  wafer  in  the  MOCVD  reactor.  Spectroscopic 
resolution  was  typically  a  few  nanometers.  Other  experimental  details  are  given  in  reference  [8J. 


AlAs  film 

Fig.  2  shows  the  reflectance  spectrum  from  an  AlAs  film  deposited  on  GaAs  at  650  C.  A 
t024-point  spectrum  was  recorded  every  10  sec  for  a  total  of  1500  sec.  Fig.  2  shows  a  single¬ 
wavelength  portion  of  this  data  at  450  nm.  Also  shown  is  a  five-parameter  fit  of  the  data  to  the 
optical  constants  of  the  film,  the  optical  constants  of  the  substrate,  and  a  film  thickness  parameter. 


thickness  (nm) 

0  120  240  360  480  600  720  840 
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Figure  2.  Special  reflectance  (open  circles)  of  a  growing  AlAs  film  on  GaAs  at 
650  C.  Data  shown  is  one  wavelength  (450  nm)  from  a  total  of  1024  wavelengths 
taken  every  10  seconds  during  the  run.  The  solid  line  is  a  fit  to  the  data  with  a  five 
parameter  model  for  the  optical  constants  of  the  film  and  substrate  plus  a  thickness 
parameter.  Results  for  thte  wavelength  were  N^ias  =  3.8  -  0.1 7i,  N^aAs  =  ^-3  - 
1.7i,  Ad/k  =  9.3  X  10-4  thickness  increment  over  a  ten-second  interval 


This  fitting  scheme  was  repeated  for  each  wavelength  in  the  spectrum.  An  average  thickness  was 
obtained  from  all  wavelengths,  and  the  optical  constants  were  then  re-fit  with  a  fixed  thickness 
parameter.  The  results  of  these  fits  are  shown  in  Figs.  3  and  4  along  with  comparisons  to  data  for 
high-temperature  GaAs  reported  in  reference  [9].  These  data  compare  well  with  the  ellipsometrically 
determined  data  despite  the  fact  that  the  reflectance  spectra  are  not  particularly  sensitive  to  the 
substrate  optical  constants.  Unfortunately,  no  spectral  optical  constant  data  for  AlAs  at  elevated 
temperatures  has  been  published.  However,  the  values  obtained  at  the  HeNe  laser  wavelength  agree 
with  published  results  from  several  workers  [3-5].  Note  that  the  thickness  of  the  film  is  highly  over¬ 
determined  when  spectral  reflectance  data  is  used. 


GaAs  refractive  index  n 
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Figure  3.  Optical  constants  of  AlAs  at  6S0  C  extracted  from  spectral  reflectance 
data. 
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Figure  4.  Optical  constants  of  GaAs  at  650  C  extracted  from  spectral  reflectance 
data.  The  constants  obtained  by  ref.  [9]  at  61 1 C  are  also  plotted  for  comparison. 


Sensitivity  of  NSR 

Interferometric  methods  such  as  that  exploited  in  NSR  are  capable  of  resolving  optical 
pathlength  differences  that  are  a  small  fraction  of  a  fringe  spacing;  resolution  is  limited  more  by 
signal-to-noise  than  the  characteristic  thickness  of  one  fringe.  The  sensitivity  of  the  NSR  method 
may  be  demonstrated  by  using  the  optical  constant  data  extracted  from  the  AlAs  thin  Giro  to  predict 
the  percent  change  in  reflectance  expected  for  various  extremely  thin  flim  thicknesses.  The  result  of 
this  calculation  is  shown  in  figure  S.  Thickness  sensitivity  is  highest  at  the  blue  end  of  the  spectrum. 
Fig  S  predicts  that  monolayer  sensitivity  may  be  approached  provided  that  signal-to-noise  ratios  are 
less  than  a  few  tenths  of  a  percent,  a  value  that  we  have  achieved  in  some  of  our  NSR  experiments. 
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Figure  5.  Predicted  percent 
change  in  spectral  reflectance 
when  extremely  thin  layers  of 
AlAs  are  deposited  on  GaAs. 
Calculations  use  the  data  from 
Figs.  3  and  4. 


NSR  monitoring  during  DBR  mirror  stack  growth 

Fig.  6  shows  a  grey-scale  data  visualization  of  real-time  spectral  reflectance  during  the  growth 
of  a  distributed  bragg  reflector  (DBR)  mirror.  The  evolution  of  constructive  interference  producing  a 
highly  reflecting  mirror  is  clearly  seen  in  this  data  vteualization  as  successive  low  (AlAs)  and  high 
(Alo.5Gao.5  As)  index  quarter-wavelength  layers  are  deposited.  The  data  exhibit  distinct  spectral 


Figure  6.  Grey  scale  data  visualization  of  spectral  reflectance  vs  time  during  the 
growth  of  a  IS  period  stack  of  AlAs/AlGaAs  by  MOCVD  to  form  a  high-reflectivity 
mirror  at  628  nm.  Grey  scale  intensities  are  proportional  to  reflectance:  white 
maximum,  black  minimum. 
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patlerns  for  different  material  compositions,  illustrating  the  potential  of  this  technique  to 
simultaneously  determine  thickness  and  material  composition  during  deposition.  Fig.  6  also  shows 
the  effects  of  the  temperature  dependence  of  the  opti^  consutnis.  The  reflectance  maximum  of  the 
mirror  stack  shifts  34  nm  to  the  blue  as  the  substrate  is  cooled  from  6S0  C  to  room  temperature. 
This  serves  to  point  out  the  importance  of  obtaining  precise  optical  constant  data  at  elevated 
temperatures  if  proper  active  process  control  strategies  are  to  be  successfully  implemented. 

Even  witiwut  active  process  control,  NSR  data  have  proven  to  be  valuable  “wellness”  monitors 
that  quickly  detect  when  a  particular  growth  run  is  misbehaving.  This  allows  one  to  abort  the  run 
and  track  down  the  source  of  the  problem  in  a  shorter  amount  of  time. 


SUMMARY  AND  DISCUSSION 

Normal  incidence  spectral  reflectance  has  been  used  as  a  real-time,  in  situ  monitor  of  MOCVD 
growth.  The  data  may  be  obtained  with  excellent  signal-to-noise  over  a  broad  range  of  wavelengths 
using  a  tungsten  lamp  as  a  stable  light  source.  High  temperature  optical  constants  may  be  extracted 
from  the  reflectance  spectra  of  growing  thin  films.  The  method  has  the  potential  for  monolayer 
sensitivity.  Spectral  features  in  the  data  clearly  indicate  that  composition  as  well  as  film  thickness  are 
manifested  in  the  reflectance.  Further  work  needs  to  be  done  to  determine  whether  other  important 
information  such  as  substrate  temperature,  doping  levels,  strain,  etc.  may  be  extracted  from  the 
spectra  at  growth  temperatures.  The  method  has  already  proved  itself  as  a  real-time  “wellness” 
monitor  during  deposition.  Future  work  will  reveal  whether  this  tool  may  be  used  to  actively  control 
the  growth  process  to  improve  the  quality  and  reproducibility  of  MOCVD  microelectronic  and 
optoelectronic  device  fabrication. 
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ABSTRACT 

Pyrometry  Interferometry  (PI)  is  a  powerful  technique  for  in-situ  sensing  of  the  wafer 
temperature  and  growth  rate.  Evaluation  of  the  two  parameters  would  allow  exact 
process  control  required  for  sophisticated  device  fabrication  and  material  processing  The 
PI  technique  analyzes  the  interference  patterns  of  the  thermal  radiation  from  the  growing 
layer  with  a  changing  thickness  d  at  growth  temperature  T  Since  it  is  non-contact, 
applicable  to  all  semiconductor  materials  and  insensitive  to  wafer  motion,  the  method  is  an 
ideal  candidate  for  real  time  process  control.  We  use  a  reflection  assisted  method  to  aid 
real  time  computation  of  these  parameters.  One  could  select  the  wavlength  of  interest  to 
optimize  the  temperature  and  layer  thickness  resolution.  We  present  data  on  MBE  grown 
quarter  wavelength  stacks  of  GaAs  and  AlAs,  and  silicon  oxidation  to  show  PI  is 
extremely  useful  for  growth  of  surface  emittii^  laser  and  for  silicon  processing 


INTRODUCTION 

Precise  knowledge  of  the  wafer  temperature  and  layer  thickness  during  thin  film  process 
is  critical  in  the  fabrication  of  sophisticated  device  structures.  Optical  measuring 
techniques  have  become  popular  because  they  are  non-invasive  and  often  do  not  require 
modifications  of  existing  reactors*  "3.  Pyrometric  Interferometry  (PI)  was  introduced  as 
an  optical  technique  for  simultaneous  in-situ  film  thickness  and  temperature 
determination'*’^.  The  basic  PI  makes  use  of  the  interference  effects  of  the  thermal 
radiation  of  the  substrate;  here  the  method  is  made  more  sensitive  by  simultaneous 
measurement  of  the  reflection  from  an  LED  by  the  wafer  surface.  The  thermal  emission  of 
the  substrate  is  reflected  and  refracted  at  the  interfaces  of  the  growing  layer  resulting  in 
interfereiKe  effects,  changing  the  emissivity  e  as  a  function  of  layer  thickness  d.  The 
basic  PI  principle  states  that  the  measured  intensity  I(X)  should  be  proportional  to  the 
emissivity  e,  ie., 

I(A.)«e(X,d)fp|a„ck(X,T) 


tos 
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c.  1 

where  the  Planck's  function  — 

*  e^~\ 

Note  that  emissivity  is  a  function  of  the  temperature  T.  thickness  d,  and  the  optical 
constants  n  and  k.  Ifthe  function  e(d,X,n,k,T...)  is  known,  the  measured  I(X,t)  can  then 
be  used  to  evaluate  d  and  T.  One  can  derive  an  analytical  expression  to  compute  the  value 
e  as  functions  of  the  optical  constants  ng,  nf,  kg  and  kf  of  the  substrate  and  the  thin  film^. 
However  this  approach  would  require  knowing  all  the  optical  constants  of  the  substrate 
and  thin  film  whose  values  are  not  always  precisely  known  at  the  growth  temperature.  A 
more  straightforward  way  is  to  measure  the  reflection  from  a  known  light  emitter  at  the 
wavelength  of  interest.  From  energy  conservation  considerations  the  reflection  R,  the 
transmission  Tr  and  absorption  A  of  the  complete  wafer  sum  up  to  unity.  For 
nontran^tarent  wafer  Tr  is  zero.  Therefore  R  A  =  1 .  In  addition,  we  also  know  e  = 

A  from  the  KirchhofFs  law.  We  finally  express  e  in  terms  of  R,  i.e.,e  =  1  •  R,  and 
compute  the  emissivity  from  the  reflection  measurement.  Since  only  the  energy 
conservation  and  the  KirchhofFs  Law  were  used,  this  relation  holds  for  all  temperatures 
and  material  combinations.  Consequently  measuring  reflection  R  provides  a  convenient 
way  of  determining  e  which  can  then  be  used  to  compute  the  wafer  temperature  and  thin 
film  thickness.  (We  assume  the  film  remains  specularly  reflective) 

To  evaluate  the  temperature  we  first  define  tlK  reflected  intensity  as  and  emitted 
portion  as  1^.  We  have 

iR  o  R  (X,  d),  and  fP  a  e  (X,  d)  fpianck(^  T). 

To  eliminate  s^em  related  factors,  we  then  normalize  both  iR  and  1^  to  the  starting 
values  iRg  and  1^0.  One  then  obtains  the  following  analytical  equation  for  temperature  T ; 


" 

In 

/ 

1  L 

X* 

iL 

e"*  -1 

no 

(1-^) 

to 

This  expression  allows  very  fiut  determination  of  the  wafer  temperatures  before  and 
during  the  growth  of  thin  film  without  any  knowledge  of  the  material  constants  of  the  thin 
film  itself 

The  thin  film  thickness  determination  relies  on  the  interference  effects  of  multiple 
reflections  in  the  film.  Using  either  the  reflection  mode  or  the  emissivity  mode  the  optical 
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thickness  of  the  thin  fihn  can  be  measured.  At  the  observed  wavelength  X,  the  intensity 
goes  through  oscillations  with  changing  thin  film  thickness.  The  oscillation  period 
corresponds  to  a  change  in  optical  path  of  half  a  wavelength,  ie.. 

Period  =  X  /  (R  •  2  nf) 

U^g  a  fast  converging  fitting  algorithm  one  fits  the  five  parameters  n^.  nf,  k^,  kf  and  the 
growth  rate  R  to  the  last  data  points. 


EXPERIMENTAL  RESULTS 

The  basic  measurement  geometry  is  illustrated  in  Figure  (1).  The  signal  consists  of  two 
reflected  signals  from  electronically  modulated  LED's  at  650  and  9S0nm,  and  thermal 
emission  from  the  sample  itself  at  the  same  wavelengths.  The  two  reflected  signals  are 
measured  by  detectors  D1  and  D2,  respectively.  The  thermal  radiation  at  950  nm  is 
measured  by  detector  D3  in  this  configuration.  The  spot  is  imaged  by  a  CCD  camera  for 
aligning  the  optics.  Detectors  D4  and  D5  are  used  to  monitor  the  output  fi-om  the  LED's 
such  that  fluctuation  in  the  light  signal  can  be  compensated.  All  signals  are  modulated, 
detected  by  low-noise  silicon  detectors  and  digitized  by  a  16-bit  A/D  converter.  The  data 
are  analyzed  by  a  486  personal  computer. 
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Figure  (l).Measurement  Configuration  of  the  reflection  assisted  PI. 


107 


To  demonstrate  the  temperature  sensitivity  of  this  technique,  PI  was  employed  during 
the  molecular  beam  epitaxy  (MBE)  growth  of  GaSb  on  a  GaAs  substrate.  Because  of 
much  smaller  bandgap  of  GaSb  and  InAs  the  wafer  temperature  changes  dramatically 
during  their  deposition^.  Typically  in  MBE  the  wafer  temperature  is  monitored  by  a 
thermocouple  in  contact  with  the  wafer  holder.  Because  this  indirect  thermal  path  and  the 
large  thermal  mass  of  the  wafer  holder,  the  measured  temperature  ususally  has  a 
significant  lag.  This  is  problematic  when  staying  within  a  narrow  temperature  rat^e  is 
critical  for  high  quality  growth.  In  our  experiment  the  temperature  scale  of  the  wafer  is 
first  determined  fiom  bandgap  shift  measurements  Uo  calibrate  the  input  power  of  the 
heater  power  supply.  The  surface  temperature  of  the  wafer  is  then  measured  by  PI  during 
growth  of  the  GaSb  layer.  Thermal  absorption  by  the  smaller  bandgap  GaSb  raises  the 
wafer  temperature  significantly.  In  Figure  (2)  the  measurement  displays  an  increase  of 
25°C  in  the  first  10  minutes.  Such  large  thermal  change  was  not  detected  by  the 
thermocouple  until  much  later  because  of  the  thremal  lag.  The  figure  shows  that  using  the 
PI  feedback  the  heater  supply  was  dropped  a  total  of  60<^  C  in  the  next  10  minutes  in 
order  to  maintain  the  wafer  in  a  narrow  temperature  range.  This  demonstrates  a  constant 
gowth  temperature  environment  can  be  maintained  by  using  the  feedback  from  the  PI 
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Figure  (2).  Temperature  variation  during  initiation  of  GaSb  growth  on  a  GaAs  Wafer 


Figure  (3)  demonstrates  the  high  temperature  resolution  achievable  even  in  a  noisy 
thermal  background.  Oxidation  is  an  important  step  in  silicon  processing  that  is  carried 
out  at  very  high  temperature.  The  bright  background  in  a  10(X><’  C  furnace  makes  other 
type  of  optical  measurement  diififcult.  When  the  process  was  started  by  flowing  hot 
water  vapor  (water  temperature:  96°C)  through  the  furnace,  the  thermal  signal  increased 
abruptly.  One  can  see  a  temperature  rise  of  1°  C  for  the  first  200  seconds  or  so.  Note 
that  the  temperature  resolution  of  the  technique  is  such  that  furnace  temperature 
oscillations  of  O.S^C  are  resolved. 
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Figure  (3).  Minute  temperature  oscillations  during  silicon  oxidation  process. 


Precision  control  of  the  Bragg  reflectors  is  critical  to  the  optical  performance  of 
sufBux  emitting  laser  diodes.  Using  PI  the  operator  can  follow  the  growth  of  each  layer 
voy  closely.  The  fitting  routine  recognizes  the  extremes  of  signal  oscillation  in  real  time. 
Figure  (4)  shows  the  result  of  the  reflection  oscillations  of  a  950  nm  and  a  650  nm  LED 
during  growth  of  quarter  wave  layer  stacks  of  AJAs  and  GaAs.  Since  the  quarter 
wavelength  stack  was  optimized  at  950  nm,  the  reflection  signal  at  that  wavelength  was 
used  to  actuate  the  Ga  A1  shutters.  Note  that  the  reflectivity  of  the  layer  gradually 
became  higher  and  approached  maximum  value  as  the  number  of  periods  increased.  The 
650  nm  wavelength  signal  is  out  of  phase  but  can  be  used  to  aid  computation,  knowing  the 
optical  constants  ofthe  layers  at  the  ^Soentwavdengths.  From  simultaneous  Reflection 
Ifigh  Energy  Electron  Diffiaction  (RHEED)  intensity  oscillation  monitoring  of  AlAs, 
which  measures  thickness  with  atomic-layer  precision,  we  estimated 


Figure  (4).Reflection  oscillation  at  950  and  650  nm  for  AlAs/GaAs  quarter  wave  stacks. 


109 


ti-flt.vtc*tl  iiifliii  ||iA| 


I  llltklK'SS  {|■II>| 


( 


Figure  (S).  Real  time  display  of  thickness  (straight  lines)  of  individual  layers. 

that  the  layer  thickness  was  measured  to  within  1%  accuracy.  Figure  (S)  shows  that  for 
each  individual  layer  the  layer  thickness  is  displayed  in  real  time  on  the  screen.  Their 
slopes  therefore  represent  the  growth  rates  of  GaAs  and  AlAs,  respectively.  The  constant 
slopes  of  these  thickness  lines  are  indicative  of  the  stable  growth  rates  during  the  process. 

CONCLUSION 

The  reflection  assisted  pyrometric  interferometry  has  been  shown  to  be  a  truly  in-situ 
temperature  and  layer  thickness  technique  for  MBE  as  well  as  for  silicon  processing.  The 
evaluation  time  takes  less  than  100  ms  so  it  generates  real  time  sensing  feedback.  We 
have  demonstrated  that  temperature  resolution  of  less  than  1°C  can  be  attained,  and  layer 
thickness  measurement  agreed  very  well  with  the  RHEED  intensity  oscillation 
measurement. 
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ABSTRACT 

In  this  paper  the  application  of  microscope-spectrophotometry  to  the  nondestructive 
characterization  of  a  variety  of  multi-layer  GaAs/AlGaAs  structures,  is  described.  Spectral 
reflectance  results  are  used  to  indirectly  determine  variations  in  aluminium  content,  and  the 
interdependency  of  aluminium  content  with  layer  thicknesses.  The  penetration  depth  of  light 
from  the  visible  spectrum  is  assessed  from  the  correlation  between  spectral  reflectance 
measurements  and  fitted  optical  models.  Finally,  a  series  of  single  quantum  wells  are 
investigated,  and  it  is  concluded  that  a  significant  improvement  in  the  characterization  of  these 
materials  will  be  achieved  with  an  extension  of  the  spectral  measurement  range  into  the  ultra 
violet. 


I  INTRODUCTION 

Microscope-spectrophotometry  (MSP)  is  a  powerful  tool  for  the  nondestructive  characterization 
of  semiconducting,  multi-layer  structures.  The  technique,  originally  developed  to  characterize 
the  optical  properties  of  naturally  occuning  semiconducting  materials'"*  (minerals),  has  recently 
been  used  in  its  most  basic  form  within  the  semiconductor  industry.  The  technique,  applied  in 
this  way,  has  only  been  capable  of  characterizing  simple  structures  or  has  been  limited  to  the 
characterization  of  the  first  few  layers  of  multi-layer  systems.  A  breakthrough  in  the 
characterization  of  multi-layer  structures  has  been  achieved  by  the  application  of  theoretical 
optical  models  to  the  measured  spectral  reflectance  data’.  Numerical  inversion  techniques"  are 
used  to  iteratively  fit  the  optical  model  to  the  experimental  MSP  data.  When  optimized,  the 
Etted  data  provide  information  about  the  three-dimensional  structure  and  chemical  composition 
of  the  component  layers  of  the  material  investigated. 

In  this  paper  we  report  the  Endings  of  an  MSP  study  of  a  series  of  GaAs/AlGaAs  structures. 
These  include  a  series  of  molecular  beam  epitaxy  structures,  in  which  the  changes  in  reflectance 
are  studied  relative  to  variations  in  aluminium  content  and  layer  thickness;  a  multi-layer 
semiconductor  heterostructure  for  light  emitting  diodes,  to  investigate  the  depth  penetration  of 
light  from  the  visible  spectrum;  and  a  series  of  single  quantum  wells,  with  a  variety  of 
subsequent  anneal  and  implant  conditions.  The  experimental  results  and  the  Etted  theoretical 
models  (which  enable  these  complex  multi-layer  structures  to  be  characterized  in  terms  of  their 
structural  and  chemical  composition)  will  be  discussed.  The  results  correlate  well  with  other, 
well-established,  but  destructive,  characterization  techniques. 
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2  EXPERIMENTAL 


2,1  Materials 

Chemical  and  stractural  variations  within  a  number  of  multi-layer  GaAs/AlGaAs  structures 
were  measured  and  modelled.  The  samples  (table  1)  included  four  samples  manufactured  by 
molecular  beam  epitaxy  (MBE),  one  multi-layer,  semiconductor  heterostructure  for  light  emitting 
diodes  (LED),  manufactured  by  organometallic  chemical  vapour  deposition  (MOCVD)  and  five 
single-quantum  wells  (SQW)  produced  using  organometallic  vapour  phase  epitaxy  (MOPVE). 


Table  I:  Layer  chemical  compositions  and  dimensions  of  the  GaAs/AlGaAs  samples. 


1  Molecular  Beam  Epitaxy  samples 

Layer  dimensions(iim) 

1  MBE  1 

MBE  2 

MBE  3 

MBE  4 

GaAs  surface  oxide 

1-2 

GaAs 

10 

1  AloioGa^goAs 

^^.30^*0  7(AS 

^^.40^®0.6(AS 

10 

1  GaAs 

500 

1  Alo.ioGao.9(A® 

^^.40^®0.6(AS 

200 

GaAs  substrate 


1  Light  Emitting  Diode  sample 

Single  Quantum  Well  samples  \ 

Layer  composition 

Layer  dimensions(nm) 

Layer  composition 

Layer  dimensions(nm)  | 

GaAs  surface  oxide 

1-2 

GaAs  surface  oxide 

1-2 

GaAs 

440 

GaAs  cap 

5 

GaAs 

100 

^^,20^®0.kAs 

100 

1640 

GaAs  (QW) 

5 

GaAs 

100 

^^.20^®0  8(A5 

100 

10^  A).«A^ 

1750 

GaAs  substrate  | 

GaAs 

100 

Sample 

Anneal  conditions  | 

AIqjoG^o.toAs 

500 

SQW  1 

800“C  for  180s  Q 

GaAs 

100 

SQW  2 

900°C  for  180s 

^^.20^®0.8(A® 

8000 

SQW  3 

1000°C  for  180s 

GaAs 

100 

SQW  4 

Implanted  with  75keV 
10'‘O'‘*cm-" 

800°C  for  180s 

Alfl  joGao.4<A® 

1000 

GaAs 

100 

SQW  5 

Implanted  with  75keV 
lO'^O'^’cm^  700°Cfor 
30s  and  900°C  for  180s 

1  GaAs  substrate 
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2.2  Reflectance  measurement  and  optical  fitting  procedures 


Microscope-spectrophotometry  (MSP)  has  been  described  in  detail  by  a  number  of  authors'  ^  ^ 
however,  a  brief  description  of  its  application  to  the  non-destructive  characterization  of 
semiconducting  materials  will  be  given  here.  In  this  study,  we  used  the  Zeiss  MPM03 
microscope-spectrophotometer  in  the  Department  of  Mineralogy  of  the  Natural  History  Museum, 
London.  Spectral  reflectance  measurements  were  made  in  plane  (or  linearly)  polarized  light  from 
400  to  70(him.  All  measurements  were  made  relative  to  a  pre-calibrated  reflectance  standard 
(WTiC  or  SiC),  and  the  measured  reflectance  calculated  by: 


D  —  D  ^ 

^Specimen  ^srandaid 


(1) 


wher^  R  is  the  reflectance  and  P  is  the  photoelectric  response  of  the  specimen/standard  at  a 
given  wavelength.  Modulated  light  from  a  stabilized  tungsten-halogen  source  was  reflected  onto 
the  surface  of  the  material  by  a  45°  plane-glass  reflector.  The  effective  numerical  aperture  of 
the  x4  objective  was  adjusted  with  an  illuminator  aperture  diaphragm  to  give  a  maximum  cone 
angle  of  1-2°  and  measurement  of  the  levelled  material  was  made  semi-automatically  by  step¬ 
scanning  in  lOnm  steps  with  a  motorized  continuous  line-interference  filter  (bandwidth  12nm). 
Having  measured  the  reflectance  of  the  specimen,  optical  model.s  were  applied  and  fitted  to  the 
experimental  data  to  obtain  structural  and  chemical  information.  The  methods  employed,  which 
are  described  in  greater  detail  elsewhere^,  involve  tbe  construction  of  an  optical  model  from  the 
optical  constants  and  layer  thicknesses  of  the  component  layers  of  the  material.  This  model  may 
be  iteratively  fitted  and  optimized  to  the  experimental  data  by  varying  the  layer  thicknesses  and 
the  optical  constants  appropriate  tor  the  component  layers.  Optimization  is  achieved  by  using 
numerical  inversion  techniques",  and  the  optimum  fit  is  indicated  by  a  simple  root-difference- 
squared  comparison  between  the  optimized  optical  model  and  the  experimentr'  data  (expressed 
as  a  percentage-deviation). 

The  optical  constants  required  for  GaAs  and  Al,Ga,.,As  were  obtained  from  the  literature’". 
The  compositions  of  the  Al,Ga,.,As  materials  available  were  not  precisely  the  same  as  those 
required,  but  were  within  at  most  ^5%.  The  compositions  used  were  as  follows:  x=0.10: 
^^.099^^.901^®*  x=0.20:  AIq  ^9gGaQ  gQ2As^  xs0.30:  Alo3i5Ga(j^5Asj  x=0.40.  AlQ4i9GaQ5g|As^  and 
x=0.60:  Alfl  jdflGao.gioAs.  The  materials  always  have  a  thin  oxide  layer  on  their  surface,  the  exact 
nature  of  which  is  unclear,  but  which  can  vary  from  GajO,  to  AsjO,.  Four  GaAs  oxide  models 
obtained  from  the  literature'^  were  applied  to  the  optical  models  for  the  GaAs/Al,Ga|.,A.s 
samples. 


3  RESULTS/DISCUSSION 
3.1  MBE  samples 

Reflectance  spectra  for  the  four  MBE  samples  were  modelled  using  the  optical  Htting 
procedure  outlined  in  section  2.2.  The  four  oxide  models  were  then  applied  to  the  overall  optical 
model  one  by  one.  Each  of  them  provided  a  good  theoretical  fit  to  the  experimental  data.  We 
cannot  conclude  from  this,  therefore  which  oxide  is  the  most  suitable  model  for  these  MBE 
materials.  Figure  1  shows  the  best-fit  results. 
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nguie  1:  Fitted  and  measured  reflectance  for 
MBE  sanities. 
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Figure  2:  Variations  of  thickness  for  layer  2 
(GaAs)  relative  to  x. 


The  proportion  of  aluminium  was  then  varied 
for  each  of  the  four  samples.  The  strongest 
correlations  between  aluminium  content  and 
layer  thidmess  were  found  for  layers  2  (GaAs) 
and  3  (AlGaAs).  The  thin  GaAs  oxide  layer 
contribution  is  minimal,  as  are  the 
contributions  fiom  layers  4  (GaAs)  and  5 
(AlGaAs)  as  they  are  buried  and,  consequently, 
have  diminishing  contributions  due  to 
absorption.  Figures  2  and  3  show  the  results 
of  varying  x  on  the  layer  thickness  of  layers  2 
and  3  for  each  of  the  MBE  samples.  From 
these  figures  it  can  be  seen  that,  increasing  x 
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Figure  4:  Variations  in  percentage-deviation 
relative  to  x. 
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Figure  3:  Variations  of  thickness  for  layer  3 
(AlGaAs)  relative  to  x. 

results  in  a  decrease  in  the  thickness  of  layer 
3  (Al,Ga,.,  As)  and  a  corresponding  increase  in 
layer  2  (GaAs).  Figure  4  shows  the  variation 
in  the  percentage-deviation  for  the  best-fit 
solutions  relative  to  x.  From  this  we  can 
predict  the  best-fit  parameters,  Le.,  a 
minimum  percentage-deviation  fiom  figure  4 
will  indicate  an  optimum  value  for  x,  and 
correlating  this  with  figures  2  and  3,  an 
estimate  of  the  corresponding  layer  dimensions 
can  be  found.  The  predicted  layer  thicknesses 
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for  layers  2  and  3  (table  II)  correlate  extremely  well  with  those  measured  destructively  by  SIMS 
(table  I).  However,  in  every  case,  the  predicted  value  of  x  is  higher  than  the  growth  conditions 
indicate.  Having  said  that,  the  SIMS  results  are  in  accord  with  the  MSP  values. 


Table  H:  Predicted  values  for  layer  thicknesses  and  x 


MBE  Samples 

1 

2 

3 

4 

X  (in  AljGa,.^) 

0.15 

0.28 

0.38 

0.46 

Thickness  of  layer  2  (GaAs)  in  run 

13.0 

10.5 

9.5 

9.0 

Thickness  of  layer  3  (AlGaAs)  in  nm 

7.0 

9.0 

10.0 

10.0 

3.2  LED  sample 

The  1£D  structure  investigated  was  a 
complex  multilayer  material  consisting  of  13 
layers.  The  structure  was  initially  modelled 
using  the  full  compliment  of  layers  as  given  in 
table  I.  Simpler  models  were  then  applied, 
omitting  the  deeper  layers,  until  the  model  was 
too  simple  and  no  longer  provided  a  good-fit. 
This  procedure  provided  equally  good  rits  for 
the  foU  13-layer  model  and  a  simplified  4- 
layer  model,  which  implies  that  light  from  the 
visible  spectrum  does  not  significantly 
penetrate  more  than  2S00tun  into  the 
GaAs/Ai,Ga,.,^  structure.  These  results  are 
summarized  in  figure  5  and  the  fitted  layer 
dimensions  for  the  4-layer  model  given  in 
table  III.  It  is  seen  that  the  fitted  results 
correlate  extremely  well  with  the  measured 
reflectance  and  the  layer  thicknesses  measured 
destructively  using  TEM. 


Table  III;  Fitted  layer  dimensions  for  the  first  four  layers  of  the  LED  sample. 


Layer  composition 

Layer  thicknesses  (nm)  | 

Fitted  (four  layer  model) 

TEM  results 

GaAs  native  surface  oxide 

3.49 

1-2 

GaAs 

516.07 

440 

GaAs 

113.52 

100 

1665ii3 

1640 

Figure  S;  Fitted  and  measured  reflectance  for 
LED  sample 
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Finally,  the  measurement  and  fitting  procedures  were  applied  to  the  SQW  samples,  to  establish 
the  physical  nature  of  the  GaAs  quantum  well.  Good  fits  were  obtained  for  each  of  the  five 
samples  (figure  6),  however,  no  significant  differences  or  trends  were  observable  between  the 
samples.  Light  penetration,  aluminium  concentration  and  surface  oxide  considerations  were  taken 
into  account  (as  applied  in  sections  3.1  and  3.2),  however,  no  significant  conclusions  could  be 
drawn.  Using  the  best-fit  model  parameters,  we  then  simulated  the  expected  reflectance 
interference  patterns  for  an  extended  wavelength  range  from  230  to  820nm.  It  can  be  seen  from 
figure  7  that  significantly  more  information  may  be  elucidated  from  an  extended  wavelength 
range  reflectance  spectrum.  This  is  in  agreement  with  other  studies  which  show  that  higher  doses 
of  oxygen  are  required  for  appreciable  interface  mixing. 


m  tsi  am  s!»  m  tu  m  mjmmmmmamam 

Xnm  Xnm 

Figure  6:  Fitted  and  measured  reflectance  Figure  7:  Simulated  extended  wavelength 
spectra  for  SQW  samples  reflectance  spectra  for  SQW  samples 


4  CONCLUSIONS 

This  study  has  shown;  1)  how  chemical  and  structural  information  for  GaAs/AlGaAs  structures 
is  derived  from  spectral  reflectance  measurements;  2)  how,  in  MBE  structures,  layer  thicknesses 
and  their  compositions  are  characterized;  and  3)  that,  in  a  13-layer  MQW,  light  from  the  visible 
spectrum  penetrates  to  a  depth  of  about  250(W}.  Optical  models  were  also  developed  for  a 
series  of  SQWs,  these  were  extrapolated  by  simulation  to  shorter  and  longer  wavelengths.  It  is 
concluded  that  the  accuracy  and  completeness  of  optical  characterization  will  be  significantly 
improved  by  extending  spectral  reflectance  measurements  into  the  UV. 

Acknowledgements 

We  would  like  to  thank  GEC-Marconi,  Bernard  Weiss  and  Padraig  Hughes  (University  of 
Surrey)  for  supplying  the  samples.  Particular  thanks  go  to  Pete  Pearson  (GEC-Marconi)  for 
useful  discussions.  The  work  undertaken  in  this  paper  was  supported  by  the  UK  Science  and 
Engineering  Research  Council  (grant  reference  GR/H14366). 


I 


I 


References 

1.  AJ.  Criddle,  in  Advanced  Microscopic  Studies  of  Ore  Minerals,  edited  by  J.L.  Jambor  and 
D.J.  Vaughan  (MACVCOM  short  courses  17,  1990),  p.  1. 

2.  AJ.  Criddle,  in  Advanced  Microscopic  Studies  of  Ore  Minerals,  edited  by  J.L.  Jambor  and 
D.J.  Vaughan  (MAC/COM  short  courses  17,  1990),  p.  135. 

3.  K.J.  Reeson,  PhD  thesis,  CNAA,  1987. 

4.  A.J.  Criddle  and  C.J.  Stanley,  Quantitative  Data  File  for  Ore  Minerals.  3rd  ed.  (Chapman  and 
Hall,  1993). 

5.  R.M.  Geatches,  K.J.  Reeson,  AJ.  Criddle,  R.P.  Webb,  P.J.  Pearson,  P.L.F.  Hemment,  and 
A.  Nejim,  Mats.  Sci.  &  Eng.,  in  press  (1993). 

6.  M.S.  Caceci  and  W.P.  Cacheris,  BYTE,  1984.  340-362. 

7.  H.  Piller,  Microscope  Photometry.  (Springer  Verlag,  Berlin,  Heidelberg,  1977). 

8.  R.M.  Azzam  and  N.M.  Bashara,  Ellipsometrv  and  Polarized  Light.  (North  Holland, 
Amsterdam,  1977). 

9.  D.E.  Aspnes,  EMIS  Datareview.  RN= 15437.  1989,  pp.  157-160. 

10.  D.E.  Aspnes,  S.M.  Kelso,  R.A.  Logan  and  R.  Bhat,  J.  Appl.  Phys.  60  (2),  754  (1986). 

11.  S.  Adachi,  EMIS  Datareview.  RN= 16094.  1989,  pp.  513-528. 

12.  D.E.  Aspnes,  G.P.  Schwartz,  G.J.  Gualtieri,  A.A.  Studna,  and  B.  Schwartz,  J.  Electrochem. 
Soc:  Solid  State  Sci.  &  Technol.  128  (3),  590  (1981). 


117 


LIGHT  SCATTERING  MEASUREMENTS  OF  SURFACE  ROUGHNESS 
IN  MOLECULAR  BEAM  EPITAXY  GROWTH  OF  GaAs 


C.  Lavoie.  M.  K.  Nissen,  S.  Eisebitt.  S.  R.  Johnson.  J.  A.  Mackenzie.  T.  Tiedje* 
Department  of  Physics.  *A]so  Department  of  Electrical  Engineeting, 
University  of  British  Columbia.  Vancouver.  BC.  V6T  IZl 

ABSTRACT 


In-situ  measurements  of  diffuse  light  scattering  at  X  =  457  nm  ate  reported  from  the  surface  of 
GaAs  films  during  growth  by  molecular  beam  epitaxy.  Three  different  scattering  angles  are 
measured  simultaneously  corresponding  to  spatial  uequencies  in  the  surface  roughness  of  q  =  0.9, 
12.  and  17  ^m-‘.  During  growth  the  mitial  surface  roughness  caused  by  the  oxide  desorption 
decreases  at  high  spatial  frequencies  and  increases  at  low  spatial  frequency.  The  low  spatial 
frequency  roughness  corresponding  to  scattemg  vectors  parallel  to  [1 10]  increases  more  rapidly 
during  growth  than  for  scattering  pa^lel  to  [110]. 

INTRODUCTION 

Recent  theoretical  [1]  and  experimental  work  [2]  has  shown  that  the  surface  of  single  crystal 
epitaxial  films  is  in  general  not  atomically  flat  during  growth  but  rather  has  a  tendency  to  become 
progressively  rougher  due  to  die  interplay  between  the  random  nature  of  the  deposition  process  and 
the  effects  of  surf^ace  diffusion  of  the  deposited  atoms.  The  lengthscale  and  amplitude  of  the 
surface  roughness  is  variable  depending  on  crystal  orientation,  growth  rate  and  temperature.  Ex- 
situ  scanning  turmeling  microscopy  measurements  on  quenched  GaAs  surfaces  show  surface 
roughness  with  lateral  lengthscales  in  the  0.1  to  1  |im  range  [2]  that  is  easily  accessible  in  light 
scattering  experiments.  In  this  paper  we  report  in-situ  diffuse  light  scattering  measurements  on 
GaAs  surfaces  during  molecular  beam  epitaxy  (MBE)  growth.  Light  scattering  has  a  number  of 
important  advantages  as  a  probe  of  surface  morphology.  It  is  highly  sensitive  to  the  surface 
structure  and  can  detect  changes  in  the  surface  composition  and  structure  at  the  submonolayer  level 
[3].  It  is  also  amenable  to  real  time  measurements  during  growth,  something  that  is  not  yet 
possible  wuth  scanning  tunneling  microscopy.  Compared  wim  electron  diffraction,  light  scattering 
is  more  sensitive  to  low  spatial  nequency  surf^ace  structures. 

EXPERIMENT 


The  GaAs  Aims  were  grown  in  a  VG  V80H  molecular  beam  epitaxy  system  on  (001)  on-axis 
oriented  (±0.5°)  polished  semi-insulating  GaAs  substrates.  The  light  scattering  measurements 
were  carried  out  with  5  mW  at  457  nm  from  an  Ar**  laser.  The  incident  laser  light  is  brought  into 
the  MBE  through  an  effusion  cell  port  at  an  angle  0i  =  25°  relative  to  the  surface  normal,  and  the 
scattered  light  is  detected  simultaneously  in  dir^  geometries  through  two  other  effusion  cell  ports 
and  a  shutter  port  as  indicated  schematically  in  the  inset  in  Fig.  1.  The  three  detectors  labelled  A, 
B,  and  C  in  Fig.  1  are  located  at  the  scattering  angles  listed  in  Table  I,  where  6,  is  measured  from 
the  surface  normal  and  is  the  azimuthal  angle  measured  from  the  plane  of  incidence.  From  the 
scattering  angles,  one  can  calculate  the  corresponding  scattering  vectors  q  in  the  plane  of  the 
semiconductor  surface  and  these  magnitudes  are  listed  in  Table  I.  The  detector  at  A  which  is  near 
the  specular  beam,  is  sensitive  to  low  spatial  frequencies  in  the  surface  mo^hology  and  the 
detectors  at  B  and  C  are  far  from  the  specular  beam  and  accordingly  are  sensitive  to  high  spatial 
frequencies  [4].  All  optical  ports  ate  equipped  with  gold  coated  mirrors  in  UHV  to  prevent 
window  coating  due  to  direct  tine  of  sight  exposure  of  the  window  to  the  hot  substrate  [5]. 


Detector 

e.(°) 

♦kO 

q(Um-l) 

A 

25.3 

9 

0.9 

B 

25 

90 

8.2 

C 

55 

180 

17.1 
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detection  geometry  A,  B  or  C  the  changes  in  the  two  curves  show  the  reproducibility. 

Note  the  very  dilTefent  behaviors  depending  on  the  position  of  the  detector. 

Considerable  caie  was  taken  to  avoid  particle  contamination  of  the  substrates  before  they  were 
loaded  into  the  MBE  system.  The  as-received  two-inch  diameter  wafers  were  textured  on  the  back 
with  a  nitric  acid  etch  in  order  to  improve  heater  coupling  and  enhance  the  performance  of  the 
optical  temperature  measurement  system.  After  etching,  the  wafers  were  rinsed  in  de-ionized 
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water,  blown  dry  with  nitro^n,  given  a  two  minute  UV  ozone  treatment  to  remove  residual  carbon 
and  titen  cleaved  into  four  pie-shaped  pieces.  The  pieces  were  then  mounted  on  In-free  Mo  holders 
and  loaded  into  the  MBE  chamber.  All  wafer  handling  was  carried  out  in  a  HEPA  filtered  laminar 
flow  hood,  inside  a  conventional  laboratory  (not  a  cleim  room).  The  ozone  treated  substrates  were 
transferred  directly  into  the  growth  chamber  without  a  prebake  in  the  preparation  chamber,  and 
tamped  at  5  °C7min  in  an  As2  flux  until  the  oxide  is  desorbed.  Then  the  substrate  heater  power  wa.s 
fixed  to  give  a  growth  temperature  of  600  °C  as  measured  by  diffuse  reflectance  spectroscopy  [6]. 
The  substrate  temperature  was  allowed  to  stabilize  for  2  min  then  the  Ga  shutter  was  opet^  to 
start  ftlm  growth.  The  growth  rate  was  1  pm/hr  and  the  ratio  of  As  to  Ga  was  3.5  as  measured 
with  a  retractable  ion  gauge,  not  corrected  for  the  diflerential  ionization  probability. 

LIGHT  SCATTERING  RESULTS 

The  light  scattering  signal  as  a  function  of  time  during  the  oxide  desorption  and  subsequent 
film  growth  is  shown  in  Fig.  1  for  the  three  different  detectors  with  s-polarized  light  incident 
parallel  to  the  (1 10]  direction  in  the  surface.  We  show  two  independent  runs  (solid  and  dotted 
lines)  that  were  nominally  identical,  in  order  to  illustrate  the  reproducibility  of  the  measurements 
from  run  to  run.  Although  there  ate  differences  in  the  overall  intensity,  the  shapes  of  the  two  sets 
of  data  as  a  function  of  time  are  very  similar.  The  intensity  differences  may  be  due  to  small 
changes  in  the  optical  alignment  of  the  two  samples  in  successive  runs.  The  Ga  shutter  is  opened 
at  the  origin  on  the  time  axis  in  Fig.  1.  Negative  times  in  Fig.  1  correspond  to  the  period  during 
which  the  subsuate  temperature  is  being  ramped  up  to  the  growth  temperature.  The  abrupt  increase 
in  the  scattered  intensity  about  S  min  before  the  growth  starts  is  caused  by  the  surface  roughening 
which  takes  place  when  the  oxide  desorbs.  It  is  interesting  to  note  that  the  oxide  desorption  shows 
up  as  a  step  in  the  scattered  light  intensity  for  large  scattering  angles  while  the  oxide  desorption 
produces  a  peak  in  the  scattered  intensity  at  low  spatial  frequencies.  Fig.  2  shows  a  SEM  picture  of 
a  similar  oxide-desorbed  surface  to  that  shown  in  Fig.  1.  This  figure  shows  that  the  subsuate  is 
covered  with  small  pits  100  -  1000  A  in  diameter  which,  according  to  scanning  tunneling 
microscopy  measurement,  are  mote  than  100  A  deep. 


Fig.  2.  Field  emission  scanning  electron  microscopy  picture  of  a  GaAs  surface  after 
thermal  removal  of  the  oxide. 

During  film  growth  the  large  scattering  angle  detectors  that  are  sensitive  to  high  spatial 
frequencies  show  a  rapid  decay  in  intensity  during  growth  while  the  small  angle  scattering  shows  a 
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progressive  increase  in  scauered  intensity.  This  result  suggests  that  the  high  spatial  frequency 
surface  roughness  associated  with  the  oxide  desorption  pits  smooths  out  during  growth  while  long 
lei^lthscale  roughly  increases. 

The  scatters  intensity  for  the  large  angle  detectors  does  not  always  decay  in  a  simple  way 
during  growth.  See  for  example  the  small  undulation  near  t  s  0  in  detector  B  in  Fig.  1.  Much 
lar|^  effects  ate  sometimes  observed,  as  shown  in  Rg.  3  in  which  the  solid  line  in  Fig.  1  B  is 
reproduced  (curve  a  in  Rg.  3)  together  with  the  scatte^  intensity  as  a  hinction  of  time  for  two 
similar  growth  ex|wriments.  (No  special  care  was  taken  to  align  the  incident  beam  with  a 
crystallographic  axis  in  the  substrate  for  curves  b  and  c  in  Rg.  3.)  We  speculate  that  the  large 
oscillation  in  the  scattered  intensity  as  a  function  of  time  in  curve  <r  in  Rg.  3  is  associated  with 
particulates  or  other  point  defects  on  the  surface  of  the  substrate.  In  this  picture  the  roughness  due 
to  the  oxide  desorption,  is  responsible  for  the  initial  scattering  intensity  which  decreases  rafudly 
during  growth,  while  the  scattering  intensity  associated  with  the  point  defects  is  amplified  as 
material  accumulates  around  them.  The  point  defects  then  account  for  the  peak  in  the  scattering 
intensity  at  later  times.  Eventually  with  enough  deposition  the  point  defects  ate  coveted  up  and  the 
scatter^  intensity  decreases  again.  EvidetKe  in  support  of  this  interpretation  is  that  the  sample  in 
curve  c  had  an  additional  preparation  step  that  may  have  contributed  to  the  surface  contamiruttion. 
in  that  it  was  etched  with  HCl  and  rinsed  with  water  in  addition  to  the  preparation  steps  described 
above.  Also  less  care  was  taken  to  avoid  particulate  contamination  witit  samples  b  and  c  in  Fig.  3 
compared  with  sample  a.  A  similar  type  of  behavior  has  been  seen  in  siliccm  MBE  [7].  Further 
experiments  are  needed  to  conflrm  this  explanation  of  the  time  dependence  of  the  scattering 
intensity  in  Rg.  3  and  in  other  light  scattering  experiments  [5,8]. 


Growth  Time  (min) 

Fig.  3.  Time  evolution  of  the  scattered  Intensity  during  growth  of  a  GaAs  >'uffer 
layer  for  three  different  substrate  preparations.  The  expected  order  of  cleanliness  is  a, 
b  and  c  where  a  is  the  cleanest  UHV  loaded  sample. 

We  now  discuss  the  high  spatial  frequency  light  scattering  parallel  to  [iTO]  in  Fig.  1  (detector 
C),  during  the  period  between  oxide  desorption  and  the  start  of  growth.  This  scattering  decreases 
with  the  substrate  exposure  time  to  the  As  flux.  We  conclude  that  the  substrate  becomes  smoother 
parallet  to  the  [  1 10]  direction  during  As  exposure  at  600  °C.  The  out  of  plane  scattering  (detector  B 
in  Fig.  1)  which  includes  a  contribution  from  the  surface  morphology  in  the  [1 10]  direction  does 
not  show  a  similar  smoothing  behavior.  The  effect  of  crystal  orientation  on  the  smoothing  effect  is 
shown  more  clearly  in  Fig.  4  where  the  scattering  at  detector  C,  which  is  in  the  plane  of  incidence, 
is  shown  for  two  different  crystal  orientations.  As  shown  in  Rg.  4,  when  the  scattering  vector  is 
parallel  to  the  [1 10]  direction  the  surface  becomes  smoother  with  time  while  the  scattering  is  more 
or  less  constant  when  the  scattering  vector  is  parallel  to  [110].  This  suggests  that  the  surface 
morphology  becomes  anisotropic  witit  height  variations  along  [iTO]  decreasing  in  amplitude,  while 
height  variations  along  [110]  remain  unchwged. 
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Fig.  4.  Time  evolution  of  the  scattered  intensity  at  detector  C  (q  =  1 7. 1  tim'')  of 
s  polarized  light  during  oxide  desorption  and  GaAs  growth  when  the  plane  of 
incidence  is  along  the  indicated  crystallographic  directions.  Note  the  decrease  in 
intensity  after  desorption  and  before  growth  when  the  laser  is  incident  along  [ITO]. 

An  analogous  crystal  orientation  effect  is  observed  during  growth  in  the  low  spatial  frequency 
light  scattering  data  shown  in  Fig.  3.  The  low  spatial  frequency  roughness  increases  with  time 
during  growth;  however,  as  seen  by_others  [8],  the  scattering  intensity  increases  with  time  faster 
when  the  light  is  incident  along  {1 10]  than  when  it  is  incident  along  [110].  Because  the  near 
specular  detector  A  is  located  out  of  the  plane  of  incidence  as  shown  in  Table  I,  the  scattering 
vector  is  peipendiculv  to  the  plane  of  incitknce  for  detector  A.  This  means  that  the  scattering  wi£ 
incident  light  altmg  [iTO]  is  actually  sensitive  to  the  surface  morphology  at  right  angles  or  in  other 
words  parallel  to  [110].  Accordingly,  during  growth,  as  well  as  during  the  As  exposure.jhe 
surface  becomes  anisotropic  with  more  surface  roughness  in  the  [110]  direction  than  in  [110]. 
This  effect  has  also  been  observed  in  scanning  tunneling  microscopy  experiments  performed  ex- 
situ  on  quenched  substrates  [2]. 


Growth  Time  (min) 

Fig.  5.  Time  evolution  of  the  scattered  intensity  at  detector  A  (q=  0.93  pm"')  of 
both  s  and  p-polarized  light  during  oxide  desoiption  (peak)  and  GaAs  growth  when 
the  plane  of  incidence  is  along  the  indicated  crystallographic  directions. 
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Fig.  S  also  illustrates  the  effect  of  the  polarization  of  the  incident  light  on  the  scattered  intensity. 
The  p-|wtarized  light  shows  similar  temp^al  behavior  to  the  s-polarized  light  but  with  lower 
over^l  intensity.  Similar  polarization  effects  were  also  observed  for  the  higher  spatial  frequency 
detectors  at  B  and  C. 

The  observed  time  dependencies  of  the  scattered  light  intensity  suggest  that  the  surface 
roughness  evolves  during  growth  towards  large  amplitudes  at  low  spatial  frequencies  and  small 
amplitudes  at  high  spatial  frequencies,  at  least  when  compared  to  the  starting  oxide-desorbed 
surface.  The  changes  in  the  surface  morphology  are  driven  by  the  flux  of  deposited  atoms. 
Various  continuum  models  have  been  proposed  to  describe  the  surface  height  z(r,t)  as  a  function  of 
time  t  and  position  r  on  the  surface,  during  epitaxial  growth.  For  example  in  the  presence  of  a 
diffusion  bias  caused  by  asymmetric  barriers  to  diffusion  across  steps  on  the  surface,  to  lowest 
order  the  evolution  of  the  surface  morphology  with  time  can  be  described  by  [  1  ], 

dz/dt  =  V  z  f(r,t)  ( 1 ) 

where  f  is  the  fluctuating  deposition  rate  at  the  position  r.  at  time  t.  Since  the  scattered  light 
intensity  at  a  given  angle  is  sensitive  to  the  surface  morphology  at  a  single  spatial  frequency  it  is 
natural  to  transform  Eq.  I  to  the  Fourier  domain, 

d2/dt  +  V  q2  i  =  f{q,t)  (2) 

In  the  case  where  the  roughness  due  to  the  initial  conditions  exceeds  the  roughness  driven  by  the 
depositing  flux  of  atoms  the  flux  term  can  be  ignored  in  Eq.  2  and  the  surface  power  specu'al 
density  z(q,t)^  at  frequency  q  should  decay  exponentially  with  characteristic  time 

X  =  l/(2q2v).  From  the  slope  of  the  approximately  exponential  decay  of  the  scattered  light 
intensity  in  Fig.  1  C  for  example,  we  estimate  t=  1  min.  forq  =  17.1  4m  '  and  conclude  that 
V  =  3  X  10  *^  cm^/s  for  the  given  growth  conditions. 

SUMMARY 

The  intensity  of  light  diffusely  scattered  from  the  substrate  has  been  measured  as  a  function  of 
time  during  MBE  growth  of  GaAs  at  three  different  scattering  angles.  The  scattered  intensity  is 
found  to  depend  on  incident  polarization,  crystal  orientation  and  the  magnitude  of  the  scattering 
vector.  In  particular  the  initially  pitted  surface  resulting  from  the  oxide  desorption  is  found  to 
roughen  during  growth,  at  low  spatial  frequencies  (q  =  0.9  pm  ’),  and  smooth  at  high  spatial 
frequencies  (q  =  8.2  pm  *). 

We  thank  M.  Plischke,  M.  Siegerl  and  T.  Pinnington  for  helpful  discussions  and  the  Natural 
Sciences  and  Engineering  Research  Council  for  support. 
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ABSntACT 


We  report  the  real-time  in  situ  observation  of  heterointerface  dislocation  formation  during 
the  growth  of  lattice-mismatched  widegap  II-VI/GaAs  heterostructures.  Such  observations  were 
made  by  eniploying  a  near-normal  incidence  HeNe  laser  probe  during  epitaxial  growth  which 
generated  both  a  laser  reflection  interferometry  (LRI)  signal  as  well  as  an  elastically  scattered 
laser  light  (ELLS)  signal.  We  believe  that  the  scattered  light  signal  is  generated  at  the  II- 
VI/GaAs  heterointerface  based  on  the  observation  of  a  it  phase  difference  between  the  LRI  and 
the  ELLS  signals  which  were  monitored  simultaneously.  We  suggest,  therefore,  that  the  observed 
ELLS  signal  is  a  consequence  of  dislocation  formation  at  the  heterointerface  which  occurs  due 
to  plastic  deformation  in  lattice-mismatched  systems. 


L  INTRODUCnON 


Following  breakthroughs  in  the  ZnSe  p-type  doping  area'’’  emphasis  has  shifted  recently 
in  die  wide-bandgap  II- VI  semiconductor  research  field  toward  the  provision  of  lattice-matched 
widegap  II-VI/GaAs  epitaxial  structures  for  blue/green  diode  laser  application.’  Although  the  first 
blue/green  diode  lasers  represented  a  considerable  achievement,*’  the  structures  employed  in  the 
fabrication  of  these  devices  were  not  completely  lattice-matched  and,  consequently,  devices 
exhibited  short  lifetimes  even  at  reduced  temperatures. 

It  is  generally  accepted  that  perfect  lattice-matching  between  widegap  II-VI  epitaxial 
materials  and  GaAs  substrates  will  be  a  primary  requirement  with  regard  to  the  development  of 
long-lived  (at  room  temperature)  ZnSe-based  blue/green  diode  lasers.  At  present,  however,  time 
consuming  ex  situ  characterization  techniques  such  as  high  resolution  x-ray  diffraction  and  cross- 
sectional  transmission  electron  microscopy  are  applied  to  determining  the  extent  of  lattice¬ 
matching  in  widegap  II-VI/GaAs  heterostructures. 

In  this  paper,  we  show  that  dislocation  evolution  occurring  at  a  slightly  lattice-mismatched 
n-VI/GaAs  heterointerface  can,  in  fact,  be  monitored  in  situ  using  an  optical  probing  technique. 
Such  analysis,  in  addition  to  obviating  the  need  to  perform  ex  situ  structural  characterization, 
permits  the  real-time  monitoring  of  dislocation  evolution  during  epitaxial  growth  which  can  lead 
to  a  more  fundamental  understanding  of  the  plastic  deformation  process  itself 

Real-time  in  situ  monitoring  techniques,  in  general,  represent  very  powerful  capabilities 
with  regard  to  process  diagnosis  and  control.  For  example,  with  respect  to  molecular  beam 
epitaxy  (MBE),  reflection  high  energy  electron  diffraction  (RHEED)  is  employed  on  a  routine 
basis  to  determine  surface  reconstruction  and  to  assess  the  quality  of  substrate  surfaces  and 
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subsequent  epilayers.  Recently,  however,  optical  techniques  have  become  increasingly  popular 
due  to  dieir  noninvasive  nature  and  their  ability  to  provide  information  on  properties  other  than 
crystal  structure.  Ellipsometry,  for  instance,  has  far  reaching  capabilities  that  include  real-time, 
in  situ  monitoring  and  control  of  alloy  composition,  growth  rate,  and  substrate  temperature  during 
MBE  deposition.*'*  Also,  real-time,  in  situ  monitoring  of  the  free-carrier  concentration  in  doped 
ZnSe  films  by  quantitative  cathodoluminescence  analysis  has  been  reported.’  In  addition,  Lavoie 
et  a/.'°  and  Rouleau  and  Park"  have  reported  real-time,  in  situ  monitoring  of  the  GaAs  oxide 
desorption  process  prior  to  epitaxial  growth  by  measuring  the  intensity  of  laser  light  scattering 
at  the  GaAs  surface.  Rouleau  and  Park"  having  shown  a  low  temperature  H  atom  treatment  to 
be  superior  by  such  measure  to  conventional  in  situ  thermal  cleaning  of  GaAs.  Also  along  these 
lines,  Pidduck  el  n/.'*'"  have  performed  similar  elastic  laser  light  scattering  measurements  during 
Si  MBE  and  have  concluded  that  changes  in  the  surface  morphology  occurring  during  layer 
processing  can  conveniently  be  monitored  and  characterized  by  such  means. 

The  purpose  of  the  present  paper  is  to  report  our  efforts  to  develop  an  in  situ  monitoring 
technique  that  can  be  applied  during  epitaxial  growth  which  is  capable  of  monitoring  the 
evolution  of  dislocations  occurring  at  mismatched  widegap  II-Vl/GaAs  heterointerfaces  (as 
opposed  to  surfaces). 


U  EXPfSUMENTAL 


The  experiments  were  carried  out  in  a  custom  designed  MBE  system  equipped  with 
conventional  effusion  cells  for  Zn,  Se  and  Te  and  a  RHEED  system  for  assessing  substrate 
surface  quality  and  subsequent  epilayer  quality.  In  addition  to  these  conventional  components, 
for  this  work  the  MBE  chamber  was  also  configured  with  a  laser  probe  apparatus  as  illustrated 
in  Fig.  1. 

The  apparatus  consisted  of  a  ImW  HeNe  laser  (X=632.8nm)  mounted  outside  the  MBE 
growth  chamber,  the  laser  beam  being  directed  through  a  viewport  towards  the  substrate  which 
was  mounted  on  a  heated  Mo  substrate  holder.  The  detector/amplifier  stage  of  the  apparatus 
consisted  of  a  CCD  camera  and  a  video  monitor.  The  camera  was  mounted  outside  the  system 
on  its  own  viewport,  its  optical  axis  lying  10°  away  from  the  optical  axis  of  the  incident  laser 
beam,  the  laser  beam  being  a  near-normal  incidence.  The  camera  was  focused  on  the  substrate 
surface  and  the  visible  spot  arising  from  elastically  scattered  laser  light  (ELLS)  due  to  defect 
evolution  was  displayed  on  the  video  monitor.  The  intensity  of  die  scattered  laser  light  was 
quantified  by  attaching  a  Si  photodiode  to  the  monitor's  CRT  over  the  image  of  the  spot  and  the 
output  voltage  from  its  respective  bias  network  was  recorded  as  a  function  of  time. 

Hie  specularly  reflected  beam  was  utilized  in  this  experiment  to  monitor  film  thickness 
by  employing  laser  reflection  interferometry  (LRI)’  which  involves  characterization  of  the  Fabry- 
Perot  intensity  oscillations  exhibited  by  the  signal.  It  should  be  noted  that  the  intensities  of  both 
the  scattered  laser  light  and  the  specularly  reflected  laser  light  were  recorded  simultaneously  so 
that  signal  phasing  could  be  compared. 

Due  to  the  unorthodox  nature  of  the  detection  system  employed  in  quantifying  the 
intensity  of  elastically  scattered  laser  light,  it  was  important  to  characterize  the  transfer  function 
of  the  CCD  camera-based  detection  system  and  the  apparatus  illustrated  schematically  in  Fig.  2 
was  employed  to  perform  this  task.  A  tungsten  lamp,  lens,  diffuser  and  laser  line  filter 
combination  was  used  to  simulate  a  632.8nm  input  signal  whose  intensity  could  be  varied  over 
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a  wide  dynamic  range.  To  quantify  the  intensity  of  light  entering  the  camera  system  from  the 
simulated  source,  a  beam  flitter  was  placed  in  front  of  the  camera  lens  to  direct  a  portion  of  the 
input  light  towards  a  photodiode.  The  output  voltage  from  the  bias  network  associated  with  this 
photodiode  was  then  proportional  to  the  light  intensity  directed  into  the  camera  system.  The 
system  transfer  function  was  deduced  by  comparing  the  output  voltage  from  the  other  bias 
network  with  the  input  voltage,  both  intensities  being  recorded  simultaneously  on  an  XY  recorder 
as  indicated  in  the  figure. 


Figure  I  Schematic  diagram  of  the  experimental  set¬ 
up  used  to  record  elastically  scattered  laser  light 
(ELLS)  and  specularly  reflected  laser  light  during  the 
molecular  beam  epitaxial  growth  of  widegap  II- 
VI/CaAs  heterostructures. 
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Figure  2  Schematic  diagram  of  the  apparatus  used  to 
characterize  the  camera-based  detection  system  used 
to  detect  elastically  scattered  laser  light. 


la  RfSULTS 


CCD  camera-based  detection  system  characterization 


As  illustrated  in  Fig.  3,  the  detection  system  exhibited  a  threshold  beyond  which  a  linear 
regime  was  observed.  As  the  input  intensity  increased,  the  system  responded  in  an  increasingly 
nonlinear  fashion  as  indicated  in  the  figure.  This  was  most  likely  due  to  the  automatic  gain 
control  circuitry  in  both  the  CCD  camera  and  the  monitor.  For  further  increases  in  input 
intensity,  the  system  response  was  clamped,  presumably  in  response  to  the  saturation  of  the  CCD 
array.  Using  this  information,  attempts  were  made  throughout  die  experiments  to  keep  the 
detection  system  in  a  regime  where  clamping  did  not  occur.  The  system  was,  however,  allowed 
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to  operate  in  the  linear/nonlinear  regimes  so  that  a  reasonable  degree  of  dynamic  range  could  be 
achieved. 


Wideaap  ll-VI/GaAs  heteroeoitaxy 


As  illustrated  in  Fig.  4,  laser  light  scattering  was  not  detectable  (by  the  system)  upon 
ZnSe  growth  initiation  until  approximately  2$0nm  of  material  had  been  deposited  whereupon 
increasingly  intense  scattering  was  detected  with  increasing  film  thickness  having  an  oscillatory 
form  as  shown  in  the  figure.  It  should  be  noted  that  in  order  not  to  observe  scattering  upon 
growth  initiation,  it  is  imperative  that  the  GaAs 
surface  be  specular  following  oxide  removal." 


Figure  3  Camera-based  detection  system  transfer 
function  recorded  at  632.8nm. 
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Figure  4  Intensity  of  scattering  occun-ing  near  the 
helerointerface  as  a  function  of  ZnSe  epitaxial 
The  growth  was  terminated  near  0.84pm  to  deposition  time  and  layer  thickness  Also  included  is 
avoid  saturating  the  detection  system.  The  most  a  laser  reflection  mterferogram 
striking  feature  of  Fig.  4  is  the  21  phase 
difference  between  the  ELLS  signal  and  the 

LRI  signal  which,  using  ray  tracing,  can  be  explained  by  placing  an  emitter  at  the  heterointerface 
and  considering  intense  scattering  at  the  heterointerface  as  opposed  to  the  free  surface.  To 
explain  further,  we  have  developed  the  qualitative  model  illustrated  in  Fig.  5. 

As  indicated  in  Fig.  5,  the  laser  beam  impinges  on  the  sample  at  near -normal  incidence 
and  a  portion  of  the  beam  is  transmitted  into  the  epilayer  and  proceeds  towards  the 
heterointerface.  We  consider  that  in  addition  to  specular  reflection  off  the  heterointerface,  a  small 
portion  of  the  beam  is  scattered  into  other  (nonspecular)  angles  due  to  the  presence  of 
dislocations  which  occur  in  response  to  attainment  of  the  critical  thickness.  For  simplicity,  we 
consider  only  that  angle  which  points  in  the  direction  of  our  detector  as  indicated  in  the  figure. 
The  scattered  beam  traverses  the  epilayer  and  in  addition  to  transmission  through  the  free  surface, 
a  portion  of  the  beam  is  redirected  back  towards  the  heterointerface  by  reflection  off  the  free 
surface.  Since  the  index  step  from  epilayer  to  vacuum  is  negative,  no  phase  shift  is  introduced 
upon  reflection.  The  reflected  portion  of  the  beam  again  traverses  the  epilayer,  reflects  off  the 
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heterointerface,  and  then  makes  a  final  pass  through  the  epilayer  to  emerge  on  the  vacuum  side 
of  the  free  surface.  At  this  point,  a  ii+26  phase  shifH  has  been  introduced,  it  resulting  from  prior 
reflection  off  the  heterointerface  and  25  resulting  from  traversing  the  epilayer  twice.  The  phase 
difference,  between  the  newly  emergent  beam  and  the  original  portion  of  the  scattered  beam 
is  then  25  +  it  which  is  necessarily  a  function  of  the  wavelength  of  the  laser,  X,  the  refractive 
index  of  the  epilayer,  n,  the  thickness  of  the  epilayer,  z,  and  the  angle  of  transmittance  within 
the  epilayer,  9.  In  a  similar  manner,  it  can  be  easily  shovm  that  »  25  since  9i.r]  Oells  due 
to  the  small  angles  involved.  Finally,  Aells*  \ri~  tt  and  hence  the  n  phase  difference  between 
the  ELLS  signal  and  the  LRI  signal  as  observed  in  Fig.  4.  It  is  interesting  to  compare  our  results 
with  those  of  Olson  and  Kibbler'*  who  employed  a  similar  technique  to  monitor  scattering  from 
GaP  during  MOCVD  of  GaP/Si.  The  GaP/Si  system  is  very  similar  to  the  ZnSe/GaAs  system 
with  respect  to  lattice  mismatch  (0.36%)  and  refractive  index  steps  (@  632. 8nm)  so  it's 
reasonable  to  assume  that  under  similar  conditions,  similar  results  may  be  achieved.  Comparing 
sets  of  data,  it  is  obvious  that  their  data  resembles  our  LRI  data  (see  Fig.  4)  which  we  would 
contend  places  the  source  of  their  scattering  outside  the  epilayer  or  more  appropriately,  at  the  free 
surface.  They  do  indeed  attribute  their  ELLS  signal  to  surface  scattering  and  it  is  quite  trivial 
using  our  arguments  above  to  show  the  lack  of  a  n  phase  difference  between  a  ELLS  signal  and 
a  LRI  signal  for  such  a  case.  Consequently,  our  results  clearly  differ  from  previously  published 
results  that  have  concerned  surface  scattering,  in  our  case  the  n  phase  shift  discussed  above 
indicates  heterointerface  rather  than  surface  scattering.  We  believe  that  the  amplitude  of  the 
modulation  and  the  "DC  component"  of  our  ELLS  signal  are  dependent  on  the  optical  properties 
of  the  heterointerface  as  well  as  its  morphological  properties,  these  characteristics  being 
controlled  by  the  multiplication  and  propagation  of  dislocations  near  the  heterointerface  while  the 
film  is  growing. 

Our  laser  probe  technique  was  also  applied  during  the  MBE  growth  of  ZnTe/GaAs 
epilayers  and  the  scattering  data  recorded  from  this  system  is  compared  and  contrasted  to  that 
observed  from  the  ZnSe/GaAs  system  in  Fig.  6. 
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Figure  3  A  ray  model  illusUating  the  employment  of 
a  HeNe  laser  beam  to  probe  (he  ZnSe/GaAs 
heterointerface  during  epitaxial  deposition. 
Dislocation  evolution  upon  attainment  of  the  critical 
thickness  gives  rise  to  a  scattered  signal  which  was 
detected  and  quantified  using  (he  apparatus  in  Fig.  I. 


Figure  6  Elastically  scattered  laser  light  data 
recorded  in  real-time  during  the  deposition  of 
ZnSe/GaAs  and  ZnTe/GaAs  heterostructures.  The 
lattice-mismatches  indicated  correspond  to  room 
temperature  lattice-mismatches. 
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As  can  b«  seen  from  the  figure,  scattering  is  detected  earlier  (in  terms  of  layer  thickness)  from 
the  ZnTe/GaAs  heterointerface  as  opposed  to  the  ZnSe/GaAs  heterointerface.  Furthermore,  the 
rate  of  change  of  scattering  (with  respect  to  layer  thickness)  is  greater  in  the  case  of  ZnTe/GaAs. 
Bodi  of  these  observations  seem  to  be  highly  correlated  with  the  degree  of  lattice-mismatch  as 
indicated  in  the  figure. 


IV.  CONCLUSIONS 


We  conclude  that  the  in  situ  optical  probe  described  here  is  capable  of  detecting  the  onset 
of  plastic  deformation  in  lattice-mismatched  heteroepitaxial  systems,  such  as  ZnSe/GaAs,  in  real¬ 
time  during  epitaxial  deposition.  Furthermore,  the  technique  by  its  real-time  nature  is  appropriate 
for  dislocation  evolution  monitoring.  Finally,  we  conclude  diat  should  perfectly  lattice-matched 
structures  be  grown,  the  laser  light  scattering  reported  here  would  not  be  observed  which  could 
have  important  consequences  for  the  provision  of  lattice-matched  structures  for  widegap  II- 
VI/GaAs  diode  lasers. 
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ABSTRACT 

The  premixability  of  reagents  used  in  chemical  viq>or  dqxtsition  reactors  is  important  to 
insure  that  gas  feed  lines  and  nc^es  do  not  become  clogged  with  particulates  during  operation. 
Evoi  if  reactants  are  to  be  kept  separate  until  introduced  into  a  reacnon  chamber,  it  is  derirabie  to 
limit  the  number  of  particles  formed.  A  reactor  which  utilizes  laser  light  scattering  to  monitor 
particulate  formation  when  gaseous  reagents  are  mixed  is  described.  The  reaction  of  tin  (IV) 
chloride  with  water  is  commonly  used  to  produce  tin  oxi^  films  by  chemical  vapor  depositimi.  It 
was  found  by  the  light  scattering  experiment  that  at  temperatures  above  about  1 10  <K!tiie  number 
(tf  paiticulales  focm^  is  greatly  reduced.  Therefore,  it  would  be  most  desirable  that  these  reagents 
be  mixed  above  this  temperature  when  depositing  tin  oxide  from  this  reaction.  The  reaction  of 
titanium  letiachlaride  wim  varktus  amine  was  also  investigated  by  this  method.  This  reaction  has 
been  demonstrated  to  produce  titanium  nitride  above  450  °C  Fior  each  case,  it  was  observed  that 
there  was  a  temperature  above  which  the  number  of  particulates  was  si(piificantly  reduced.  This 
tempenure  was  ahnqfs  below  the  optimal  temperature  fer  producing  titanium  nitride  films. 

INTRODUCTION 

In  nrear  CVD  processes  particle  contamination  can  be  a  major  contributcn-  to  poor  Elm 
quality.  The  particles  can  be  fiomconamination  of  source  chemicals,  carrier  gases,  the  reactor  or 
nom  gas  phase  chemical  reactions.  Li{^t  scattering,  paiticulariyctfla^li^t,  is  an  easy  means  to 
detect  and  monitor  tiieae  paitides  since  in  the  qtpnqnate  limit  the  scattering  is  directly  proportional 
totfaepartidcdentiy.  Earliest  studies  in  fact  used  the  eye  as  the  detectorfi).  Subsemrent  work  has 
been  more  oompticaied(2-5).  In  this  paper  we  report  on  the  use  of  laser  li^tscattermg  to  monitor 
the  teiatianriiip  between  in^lefonttation  due  to  chemical  reaction  and  tire  tenqteiamre.  Thegoal 
of  tins  work  is  to  determine  the  temperature  above  which  gases  maybe  mix^  without  particle 
formation  or  if  they  do  form  they  iminediately  vaporize.  Knowledge  of  these  temperatures  can  be 
used  to  determine  tenqwntures  for  preheating  of  the  gas  streams.  Althou^  mher  reactions  have 
been  studied,  we  limit  our  tfiscussion  here  to  tiie  reaction  between  11(34  and  a  variety  of  amines  to 
f«m  films  of  UN  at  temperatures  above  450^^6).  We  report  results  using  three  different 
techniques  in  two  different  reactors  which  were  reedally  constructed  to  provide  c^cal  access  to 
the  region  where  the  gases  mix  and  above  the  fum  formation  region.  From  the  results  of  such 
measurements  it  is  quite  easy  find  a  tenqterature  range  for  film  formation  where  particle  ftHtnation 
is  not  a  problem. 

EXPERIMENTAL 

Reactor  1  is  constructed  of  stainless  steel  with  provision  for  optical  windows  which  allow 
opti^  access  to  r^on  of  particle  formation.  The  windows  are  so  designed  that  a  positive  jnessm 
of  nitrogen  keq>s  the  windows  free  of  particulates.  The  reactor  is  approximately  xx  by  xx  with 
sideatmsoflen^  w.  The  main  section  of  the  reactor  is  contained  in  furnace  wb^  temperature 
mayte  controlled.  The  reactor  is  pictured  in  Hgure  1.  The  injector  and  gas  flow  direction  are  in 
tile  downward  direction. 
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Hguitl  Schematic  of  leactorl. 

The  light  somoe  was  an  imflKoaed  Imw  He-Ne  laser  with  a  beam  dianieier  of  16  mm  at  the 
reaction  region.  The  scattered  light  was  moaiKxed  dtrough  the  second  ann  which  was  at  an  angle 
of  12Pwidi  regtectm  the  entrance  aim.  A  idioto  multiplier  with  output  to  a  say  chart  recorder  with 
time  constant  of .  1  s  recorded  the  signal  A  cut-off  fiber  was  used  to  assure  that  only  the  scattered 
light  and  not  the  infia-red  from  die  oven  was  recorded.  Two  kinds  of  measurements  were  made  on 
the  scattered  light  Measurements  of  type  1(  height )  were  the  average  intensity  of  the  scattered 
light  as  lead  firm  the  strip  chart  as  a  fimction  of  oven  tenmerature.  It  was  observed  that  when  the 
ngnal  was  from  scattered  li|^t  from  tiie  oven  (not  just  high  signal  levels)  that  the  noise  level 
increased  with  intensity  of  scattered  light  IVesumably  this  is  due  to  an  increase  in  turbulence. 
Measuements  of  (ype  2  (width)  were  cS  the  magnitude  oi  the  ntnse  level 

A  third  qiprooch  was  also  used.  In  this  case  another  stainless  steel  reactor  was  constructed 
siniilarttte  first  TO  widt  only  four  arms  and  the  gas  injector  perpcndiCTlar  to  the  plane  of  the  arms. 
The  gas  flow  was  still  downward.  An  excimer  laser  (  Lambda  Physik,  EMB  xxx  XeC3, 308  nm. 
200  m,  22  ns  pulse )  was  used  as  the  light  source.  The  beam  size  at  the  reaction  region  was  1.3  x 
3  cm.  The  spectrum  of  die  scattered  light  was  delected  with  a  1/4  m  Jarrell-Asb  monochromator 
widi  1200  mves/aaa  grating  and  an  intensified  diode  array  demctor  (Tracor  Northern  TN'65(X) 
system  wim  an  array  m  1024  diodes).  The  advantages  of  this  third  appioadi  are  that  only  the 
scattered  light  at  the  appropriate  wavelength  is  monitoied  and  the  increasM  laser  power  aDowra  us 
to peifonn experiments  at  1/25  th  the  flowrate. 


In  all  the  eqieriments,  the  background  scattered  light  was  determined  ^  tun^  die  flow 
of  each  of  the  reagents  on  and  off.  In  net,  in  order  to  avro  problems  of  pntim  buUdiqi  in  the 
lines  and  nozzle  much  <d  the  time  while  die  oven  tenmerature  was  changing  no  reagents  were 
flowing.  At  higher  tenmeratures  this  results  in  an  amiuent  decrease  in  scattered  light  when  die 
flows  are  started.  This  is  most  likely  due  to  a  lack  of  tenyerature  equilibrium  causd  by  die  fact 
diat  these  reactions  are  endotheninc  so  diat  die  reaction  region  cools  while  the  background  from  die 
furnace  remains  the  same. 

RESULTS 

Initial  experimero  were  done  on  die  wen  studied  reaction  of  SnCTs  and  HjO  using  only  the 
height  of  the  scattered  intensity  as  a  monitor  of  the  extent  of  particle  formatitHi.  This  result  is 
shown  in  Hgure  2 
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Lifiht  Scattering 
SnCl4  And  H2O 


SnCU 

H2O 


100  200  300  400  500  600 
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Hgure2.  Scattered  intensity  vs  tempenttuie for  SoCU and H2O 

Experiments  were  also  perfonned  withTlCUanda  wide  variety  of  amines  under  conditians 
that  we  have  previously  used  to  produce  films  with  good  adhesion,  color  and  low  carbon  and 
chktide  coninit  'rheiesultsforthreeainines(ofomwciealsodone)fiomreactorl  are  shown  in 
Hgures  3,4, 5. 


Light  Scattering 


Flow  Rate 


Figures.  Height  measurement  is  on  the  left  and  die  width  measurement  is  on  the  ri^L 


Light  Scattering 
d.jI  \  TiCI  4  and  (CiHslaN 


TICI4  2J5Um 

(CxBshN  Ulta 


190  300  JOO  400  SM  iM 


Rgure4.  Hd^tmcasarememisoatheleftandtbewidtbnieasuitiiientisontlieii^ 


Light  Scattering 

TiCl4  and  NH2(CH2)2NH2  nnriMt  1104 


In  these  figures  the  solid  curves  are  the  result  of  a  piece  wise  quadratic  fit  10  the  date  points. 
Depending  upon  the  amine  several  ptmble  curves  have  been  observed  which  aQ  share  the  m»in 
features  of  at  lower  tenqieratures  having  considerable  particle  formation.  As  die  tenqierature  is 
increased,  die  particles  eventually  disappear  so  that  a  rq^ion  can  always  be  found  in  triiidi  good 
films  maybe  noduoed.  Fv  some  of  the  amines  (Rgmes  4  and  S).  a  decrease  in  the  magnitude  of 
the  scattered  light  is  observed.  In  die  measurement  of  die  width  of  the  noise  this  actually 
represents  an  increase  in  particle  fotmadoiL 

Results  obtained  using  the  second  reactor  are  shown  in  Rgures  6.  AtdietopofRguredis 
a  plot  ofintensipr  vs.  diode  number  (wavelength)  fbr  a  variety  of  ternpcratures.  Unfbminatefy,  the 
temperature  axis  is  not  linear  so  that  each  spectrum  shown  rqaesents  an  observation  at  the 
tempera^  at  whidli  the  enpetiment  was  perfonned  wliidi  is  not  necessarily  uniformly  related  to 
the  jnevious  tenqierature.  The  p^  observed  is  at  die  laser  wavelength  Mt  the  structure  is  an 
artim  of  the  manochiQmaior  grating  and  diode  array.  In  bottom  of  Hgure  6  we  have  plotted  three 
peak  heights  as  a  function  of  temperature  so  dutt  the  data  qipear  in  a  fonrutt  similar  the  results  fiom 
reacaor  1. 

We  attempt  to  get  a  sample  of  the  particles  being  formed  so  that  we  could  estimate 
corrqiosidon  and  size.  A  microscope  slide  was  ^aoed  under  the  nozzle  and  material  ctdlected. 
Under  examination  die  tnaietial  appeared  to  be  lay  aggr^alre  of  titanium  oxide  which  must  have 
been  formed  iqioa  cooling  and  reaction  widi  air.  Tlie  actual  identity  and  size  of  the  particles  is  not 
determined  in  our  experiment  Rom  the  magnitude  of  the  scattering  it  is  likdy  that  mey  larger  than 
ten  times  the  wavelength  of  the  light 

DISCUSSION 

The  results  of  the  two  methods  used  in  the  analysis  the  scattering  experiments  from  reactor 

1  agree  extremely  wen  for  each  (rf  the  aminre  studied.  Either  the  overall  intena^  or  the  flnetuations 
in  &  intensity  can  be  used  to  monitor  the  formation  of  particles.  Because  the  measurement  of  the 
width  seems  to  more  truly  reflect  die  number  of  particles  we  fod  it  is  to  be  preferred.  The  fact  dun 
particles  are  present  at  both  high  and  low  toiqiCTatutes  leads  one  to  qieculate  that  they  must  be 
formed  by  difforent  mechanisms  or  maybe  different  substances. 

At  the  lower  teuqietatutes  there  is  some  evidence  diat  complexes  between  TICU  and  amines 
form  and  in  fact  can  be  iadated(7,8).  Under  proper  conditions  we  have  noticed  that  a  yellow 
powder  coUects  at  the  exit  of  the  reactor  during  film  preparation.  Raising  the  tenmerature  of  the 
ouqiut  tube  reduces  the  amount  of  powder.  We  are  unable  to  say  if  me  particles  diat  do  the 
scattering  are  related  to  these  materials.  It  may  just  be  coincidental  but  there  is  a  similarity  in 
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TiCl4  and  (CH3)2CHNH2 
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Reure  6.  Top:  Spectnun  of  scatieted  light  as  a  faactioa  of  tenqmatuie.  Bottom;Plot  of  peak 
height  vs.  teoqterature  fiar  the  top  spectrum. 

temperature  at  which  particles  are  no  longer  detected  for  all  the  amines  we  studied.  If  die 
mechanism  for  particle  fonnation  were  similar  and  invtdved  similar  intermediates,  one  eiqiects  a 
similaiity  in  the  tenmeratures.  At  die  higher  tenqieratures,  the  onset  erf  particle  formation  is  also 
conqianiUe  for  ^  me  amines,  therefore  we  eiqiect  that  particle  formanon  could  come  fiom  the 
same  process  indqiendent  of  ^  amine  used. 

When  the  results  (rf  the  He-Ne  laser  and  excimer  laser  are  compared  the  similaiities  are  not 
as  qiparent  In  tte  excimer  experiments  the  flow  rates  are  so  much  lower  that  we  are  actually 
measuring  a  much  lower  level  of  particle  formation  hence  see  particles  at  much  higher 
tenqieratures. 


CONCLUSIONS 


Theitwltioflnef  ligfctatartterintmewBiiieattmdieioctioacfTlCUMdiniiiiesusing 
dme  dUlierait  BDCtbods  are  (imilar.  The  eiqMnmeius  are  easily  done  so  that  any  of  the  methods 
descaibed  here  may  be  used  to  effectively  monitor  paitick  formation  and  detenxdne  a  range  of 
temperatures  where  particle  formation  is  not  a  problem. 

REFERENCES 

1.  F.  C  EversteUn,  Phillips  Res.  Rt^.,  2d  ,134  (1971). 

2.  CH.J.  Van  ^Btekel  and.  J.M.Bolleo.J.  (>ytL  Growth.  54, 310  (1981). 

3.  W.  O..  Breiland  and  P.  Ho,  in  Proceeduigs  qfihe  Niitth  Imeniaiional  Co^trtnce  on  Chanical 
Vapor  Deposition,  ed.  McD.  RoWnson,  C.  H.  J.  van  den  Breckel.  G.  W.  Cullen,  J.  M. 
Blocherjr.  and  P.  Rai-Choudhuiy,  (The  Electrochemical  Society,  Inc.,  Pennington,  NJ,  1984), 
pp.44-59. 

4.  S.  R.  Kurtz  and  R.  G.  Gordon,  Thin  Solid  Hints  140, 277  (9186). 

5.  W.G.  Breiland  and  P.  Ho  in  CAenuco/ Vapor  Deporitiofi,  PruKipierdwd  i4pp/(cationr,ed.  M. 
L.  Hitchman  and  K.  F.  Jensen,  (Academic  Press,  New  York,  NY,  1993),  pp.  91>1S8. 

6.  J.  W.  Proscia,  K.  B.  ^A^ams  and  G.  P.  Rede,  Absttet  of  Papers,  Fou^  Chem^  Coagree 
of  North  America,  New  York.  NY,  (American  Chemical  Society:  Washingtoa.DC;1991);  DWR 
309. 

7.  C.  R  Winter,  T.  S.  Lewkebandan,  P.  H.  Sheridan  and  J.  W.  Proscia,  Mat  Res.  Soc.  Synm. 
Pioc.  282,  293  (1993). 

8.  C  R  Winter, ,  P.  R  Sheridan  T.  S.  Lewkebandara,  M.  J.  Heeg  and  J.  W.  Proscia,  J.  Am. 
Chem.  Soc.  114,  1095  (1992). 


13S 


CONTACTLESS  ELECTROMODULATION  CHARACTERIZATION  OF 
COMPOUND  SEMICONDUCTOR  SURFACES  AND  DEVICE  STRUCTURES 
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ABSTRACT 

This  paper  will  review  the  use  of  contactless  electromodulation  methods,  such  as 
photoreflectance  (PR)  and  contactless  electroreflectance  (CER),  to  characterize  the 
electronic  properties  of  compound  semiconductor  surfaces  exposed  to  different  growth 
and  post-grov^  conditions.  Also  the  characterization  of  properties  critical  to  device 
performance  can  be  evaluated.  For  example,  using  PR  and  CER  it  has  been  found  that 
there  is  a  lower  density  of  surface  hole  traps  than  electron  traps  in  certain  as-grown  MBE 
(001)  GaAs  samples  and  that  this  condition  persists  even  after  air  exposure.  This 
behaviour  is  in  contrast  to  other  samples,  including  both  bulk  and  MBE  grown  (001) 
surfaces  in  which  the  Fermi  level  is  pini^  mid-gap  for  both  n-  and structures.  We 
also  have  observed  that  Ar*  bombardment  under  UHV  conditions  results  in  Fermi  level 
pinning  close  to  the  conduction  band  edge  and  that  thermal  annealing  restores  mid-gap 
pinning.  Finally,  using  PR  we  are  able  to  characterize  the  electric  fields  and  associated 
doping  levels  in  the  emitter  and  collector  regions  of  heterojunction  bipolar  transistor 
structures  (fabricated  from  III-V  materials),  thus  demonstrating  the  ability  to  perform  in- 
process  evaluation  of  important  device  parameters. 

INTRODUCTION 

The  fabrication  of  modern-day  electronic,  optical  and  opto-electronic  devices 
involves  a  number  of  complicated  procedures,  ranging  not  only  from  the  actual  epitaxial 
growth  of  thin  layers  but  also  to  pattern  definition  and  transfer.  In  a  functional  device  the 
physical  properties  of  each  layer  should  be  optimal.  Thus,  not  only  are  the  epitaxial 
growth  steps  crucial,  but  further  processing  steps  also  must  be  monitored.  Therefore,  it 
becomes  important  to  have  available  as  many  noninvasive  techniques  as  possible  to  probe 
the  various  processing  steps  and  to  relate  these  to  actual  device  parameters  and 
performance.  Ideally,  one  would  like  to  perform  the  characterization  procedure  at  room 
temperature  on  entire  wafers,  possibly  even  before  the  structure  is  removed  from  the 
processing  chamber. 

In  the  past  decade  there  have  been  considerable  advances  in  semiconductor  device 
fabrication  due  not  only  to  thin  film  growth  but  also  to  various  processing  procedures. 
Developmental  efforts  are  driving  device  design  toward  more  compact  structures,  a  trend 
which  places  ever  increasing  demands  on  materials/processing/device  parameters  and 
hence  evaluation  procedures  in  order  to  upgrade  performance  and  yield. 

Optical  probes  are  ideal  for  the  noninvasive  monitoring/control  of  processing 
procedures.  For  applied  work,  an  optical  characterization  technique  should  be  as  simple, 
inexpensive,  compact,  rapid  and  informative  as  possible.  Other  valuable  aspects  are  the 
ability  to  perform  measurements  in  a  contactless  manner  at  (or  even  above)  room 
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temperature  on  wafer-sized  samples.  Because  of  its  simplicity  and  proven  ability, 
modulation  spectroscopy  [1,2]  (p^cularly  contactless  modes)  is  now  a  major  tool  for 
the  study  and  characterization  of  bulk/thin  film  semiconductors  in  addition  to 
semiconductor  mkrostructures  (quantum  wells,  superlattices,  etc.)  and  interfaces 
(heterojunctions,  semiconductor/vacuum,  semiconductor/metal).  This  optical  method  is 
also  useful  for  the  evaluation  of  process-induced  damage  [1-4]  and  actual  device 
parameters  [1,S]. 

A  particularly  useful  form  of  modulation  spectroscopy  is  electromodulation 
[electric  field  modulated  reflectivity]  since  it  is  sensitive  to  surface/interface  electric  fields 
and  can  be  performed  in  contactless  modes  [photoreflectance  (PR)  or  contactless 
electroreflectance  (CER)]  that  require  no  special  mounting  of  the  sample  [1,2].  Therefore, 
these  modes  can  be  employed  on  wafer-sized  material  without  altering  the  sample.  The 
sensitivity  of  EM  meth^  to  surface/interface  electric  fields  has  proven  to  be  one  of  its 
most  important  properties  for  materials/device  characterization.  For  sufficiently  high 
built-in  electric  Helds  the  EM  spectrum  can  display  an  oscillatory  behavior  above  the 
band  gap  called  Franz-Keldysh  oscillations  (FKOs),  which  can  be  readily  employed  to 
monitor  these  fields  at  surfaces/interfaces,  including  actual  device  structures  [1,2,5]. 

BACKGROUND 


Under  the  influence  of  an  electric  field  F  in  the  z-direction  the  energy  bands  are 
tilted  by  an  amount  eFz.  An  electron  attempting  to  tunnel  from  the  valence  band  into  the 
conduction  band  sees  a  triangular  barrier.  Resonances  appear  whenever  an  integral 
number  of  de  Broglie  wavelengths  fit  into  the  triangular  well  formed  by  the  electric  field. 
The  de  Broglie  wavelength  is  equal  to  h/p,  where  h  is  Planck’s  constant  and  p  is  the 
momentum  of  the  electron  (hole).  It  can  be  shown  that  the  energy  of  the  n*  resonance, 
E„,  is  proportional  to  F^^.  Thus  the  period  of  these  resonances,  or  FKOs,  are  a  direct 
measure  of  the  built-in  electric  field.  In  transport  theory  this  tunnelling  phenomenon 
through  a  triangular  barrier  is  called  Fowler-Nordheim  tunnelling.  Thus  I^Os  are  the 
optical  analog  of  Fowler-Nordheim  htnneling  in  transport. 

The  exact  form  of  AR/R  with  broadening  is  quite  complicated.  Aspnes  has  written 
a  relatively  simple  expression  [1,6]: 


AR/R  «  exp[-2(E-Ep''^/(*e)’'^] 

X  cos[(4/3)(E-E,)’'^/(fie)^'"  +  x][EHE-Ep]-' 


(la) 


where  E  is  the  photon  energy,  E,  is  the  energy  gap,  F  is  the  broadening  parameter,  x 
is  an  arbitrary  phase  factor  and  the  electrooptic  energy  /iO  is  given  by: 

{jhQf  =  q^ft^F^/2^,.  (lb) 


In  Eq.(lb)  is  the  reduced  interband  effective  mass  in  the  direction  of  the  electric  field. 
From  Eq.(la)  the  position  of  the  n*  extrema  in  the  FKOs  is  given  by: 
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nr  =  (4/3)((E.-E,)/#»ei’^  *  X 


(Ic) 


where  E„  is  the  photon  energy  of  the  n*  extrema.  A  plot  of  (4t/3)(E„-E„'»^'’  vs.  the  index 
number  n  will  yield  a  straight  line  with  slope  Therefore,  the  electric  field  (F)  can 

be  obtained  directly  from  the  period  of  the  FKOs  if  p|  is  known. 

The  period  of  the  FKOs  is  determined  by  the  dominant  field  in  the  structure  [1]. 
There  are  two  limiting  cases  to  be  considered.  If  modulation  is  from  flatband,  i.e.,  no 
dc  field  then  the  field  is  clearly  the  ac  modulating  field,  F^.  However,  a  more  interesting 
situation  occurs  when  there  exists  a  large  dc  electric  field,  in  the  material  and  a  small 
modulating  field  is  applied,  i.e.,  F^<  <F,ic.  In  this  case  the  period  of  the  FKOs  are 
given  by  F,^.  oiid  not  F^  [1]. 

The  treatment  of  FKOs  discussed  above  has  assumed  a  uniform  electric  field. 
However,  in  many  simations,  such  as  the  space-charge  region  (SCR)  of  a  doped  material 
this  is  not  the  case.  It  has  been  clearly  demonstrated  that  for  small  modulation  the  FKOs 
are  a  measure  of  the  maximum  field  in  the  structure  [1]. 

GaAs  SURFACES 

After  many  decades  of  intense  snidy,  the  origin  of  the  surface  states  GaAs  is  still 
not  understood  [7].  Furthermore,  except  for  isoelectronic  heterojunctions,  e.g. 
GaAlAs/GaAs,  there  is  no  viable  technology  for  making  either  MOS  or  MIS-like 
structures  with  low  interface  state  densities.  In  the  case  of  GaAs  it  is  not  clear  there  is 
still  an  interest  in  MOSFET  devices,  since  modeling  results  show  no  performance 
improvement  over  Si  for  sub-micron  gate  length  structures  [81 .  However,  there  is  still  an 
interest  in  the  passivation  of  GaAs  surfaces  and  the  control  of  the  electronic  properties 
of  metal/GaAs  interfaces,  e.g.  ohmic  and  Schottky  contracts;  and,  thus,  an  interest  in 
understanding  the  electronic  properties  of  various  kinds  of  GaAs  surfaces  and  interfaces. 

In  particular,  it  is  desirable  to  have  a  characterization  tool  which  could  follow  the 
evolution  of  the  surface  properties  as  a  GaAs  substrate  moves  from  its  starting  properties 
through  epigrowth  and  on  through  various  processing  stages  to  the  finished  device. 
Modulation  spectroscopy  is  such  a  universal  tool,  since  it  is  a  low  intensity  optical  probe 
which  can  operate  in  almost  any  environment,  including  UHV,  MOCVD,  air,  etc. 

It  has  long  been  recognized  that  the  FKOs  observed  in  EM  had  great  potential  for 
gaining  information  about  surface/interface  electric  fields  due  to  Fermi  level  pinning. 
However,  in  principle  this  has  proven  to  be  difficult  [1].  Generally,  one  observes  only 
a  few  FKO  from  the  space-charge  region  of  a  doped  semiconductor.  At  low  doping 
concentrations,  where  F  is  small,  the  electric  field  may  not  be  sufficiently  large  to 
observe  FKOs.  Increasing  the  impurity  concentration  to  enhance  the  built-in  field  also 
generally  makes  F  larger,  probably  due  to  ionized  impurity  scattering.  As  a  consequence 
the  FKOs  get  damped  out  [see  Eq.(la)]  and  the  lineshape  becomes  third-derivative.  Thus, 
FKOs  are  generally  seen  only  in  a  limited  doping  range  [1]. 

To  overcome  this  problem  a  number  of  groups  are  making  effective  use  of  the 
FKOs  detected  in  PR  or  CER  from  special  structures  which  contain  a  large,  uniform 
electric  field  to  study  Fermi  level  pinning  on  (a)  n-  and  p-type  GaAs  ((X)l)  surfaces 
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[1,3,9-12]  including  studies  of  the  effects  of  process-induced  damage  [3,4]  and 
metallization  [12]  and  (b)  low  temperature  grown  GaAs  [13]  and  InGaAs  [7]  with  excess 
As.  Some  of  these  investigations  have  been  performed  in-situ  in  an  UHV  chamber  [3,12]. 

These  structures  are  made  by  fabricating  an  undoped  layer  of  thickness 
L(~  lOOOA)  on  a  buried  doped  n*(p*)  buffer  on  a  doped  n^(p*)  (001)  substrate.  Such 
configurations  have  been  designated  UN*{UP^),  respectively  (or  SIN^  and  SIP"^  in  [9]). 
In  the  n* ip*)  buffer/substrate  the  Fermi  level  occurs  near  the  conduction  (valence)  band 
edge.  At  the  surface/interface  the  Fermi  level  is  pinned  at  some  value.  Therefore,  there 
exists  in  the  undoped  region  a  large,  almost  constant  electric  field,  F.  From  the  large 
number  of  observed  FKOs  it  is  possible  to  accurately  determine  the  built-in  field  and 
hence  the  built-in  potential  (barrier  height).  In  such  configurations  the  barrier  height,  Vg, 
can  be  related  to  the  electric  field,  F,  (deduced  from  the  FKO)  by  [12]: 

Vg  =  FL+(kT/q)+SCC  (2b) 

where  the  second  and  third  terms  are  the  Debye  length  and  space-charge  layer 
corrections,  respectively. 

Because  of  the  photovoltaic  effect  in  these  strucnires  the  measured  barrier  height 
(Vg)  is  the  Fermi  level  (Vp)  minus  the  photovoltage  (Vp),  i.e.,  [12] 

Vb(T)  =  Vp(T)  Vp(T)  (2a) 

Plotted  in  Fig.  1  are  the  values  of  VgfT)  as  a  function  of  temperature  for  GaAs 
UN^/UP'^  structures  in  air  [12].  Note  that  Vg  saturates  at  about  425K  for  the  low  light 
levels  used  in  this  experiment  and  that  below  room  temperahire  Vp(T)  is  an  appreciable 
factor. 

The  results  of  Fig.  1  have  been  explained  on  the  basis  of  current-transport  theory 
assuming  that  the  Fermi  level  is  pinned  at  some  value  Vp,  and  that  there  is  only  one 
pinning  level.  In  this  case  Vp(T)  can  be  expressed  as  [12]: 

Vp(T)  =  (i;kT/q)ln{[J^/rJg(T)]  +  l}  (3a) 


where  tj  is  an  ideality  factor,  Jp^  and  Jo(T)  are  the  photo-induced  and  saturation  (dark) 
current  densities,  respectively.  The  parameter  r  in  Eq.(3a)  was  introduced  as  a  geometry 
factor  in  order  to  take  into  account  the  fact  that  only  a  fraction  of  the  surface  has  states 
available  for  the  saturation  (dark)  current. 

Therefore,  Vg  is  given  by  [12]: 

Vg(T)  =  Vp-(nkT/q)ln{[Jp,/rJ„(T)]  +  l}  (3b) 


with 


Jpc  =  qP™7(l-Ro)/^w 


(3c) 


and 
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Jo(T)  =  [A**TV(l+BT’'")]exp(-qVp/kT)  (3d) 

where  P„  is  the  ligh  intensity,  -y 
is  the  quantum  efficiency  (=1), 

Ro  is  the  reflectivity  of  Ae  light 
at  the  semiconductor  surface  (= 

0.34)  and  hu  is  the  photon 
energy  of  the  light,  A*’  is  the 
modified  Richardson  constant 
(which  is  proportional  to  the 
effective  mass  of  the  carrier) 
and  B  is  a  constant  defined  in 
[12]. 

From  Eqs.(3),  at 
sufficiently  high  temperatures, 

Vp(T)  becomes  negligible 
because  of  the  factor 
exp[-qVp/kT]  and  hence  Vg 
approaches  Vp.  Shown  by  the 
dotted  and  dashed  lines  in  Fig. 

1  are  least-square  fits  of  Eqs.(3) 
to  the  experimental  values  of 
Vb(T)  of  fte  UN*  and  UP*  structures,  respectively.  The  fitting  parameters  were  Vp,  t) 
and  the  geometry  factor  r.  The  most  sensitive  parameter  is  r  since  Vp  can  be  deduced 
from  the  high  temperature  data,  as  discussed  above,  and  n  is  obtained  from  the  intercept 
as  T-K).  This  analysis  yields  Vp=0.77  ±0.02V/0.75  ±0.02V,  r/ =0.93  ±05/0.87  ±0.05  and 
r=0.02±0.01/0.001  ±0.0006  for  the  UN*/UP*  samples,  respectively.  The  Fermi  level 
pinning  values  add  up  to  the  band  gap  of  GaAs,  in  agreement  with  the  complementarity 
of  the  UN*/UP*  structures.  The  ideality  factors  are  =1,  indicating  high  quality  diodes. 

The  difference  in  r  is  not  readily  apparent  from  Fig.  1  since  the  curves  for  the 
UN*/UP*  samples  are  almost  identical.  However,  it  must  be  borne  in  mind  that  A**  in 
Jo(T)  [  see  Eq.(3d)]  is  proportional  to  the  effective  mass,  and  that  this  ratio  is  =  0.2  for 
electrons  and  heavy-holes  in  GaAs.  This  accounts  for  the  difference  in  r  between  the  two 
types  of  samples.  In  order  to  demonstrate  the  necessity  of  including  the  geometry  factor 
r,  displayed  in  Fig.  1  by  the  dot-dashed  line  is  a  least-squares  fit  of  Eqs.(3)  to  the  UN* 
sample  with  r  =  1 .  As  can  be  seen  the  agreement  between  the  fit  and  experiment  is  not 
very  good.  It  is  interesting  to  note  that  with  increasing  r  the  barrier  height,  VgfT), 
saturates  at  lower  temperatures  for  a  given  Vp. 

Recently  Yan  et  al  [1 1 , 14]  have  found  additional  evidence  for  the  reduced  surface 
state  density  in  p-type  GaAs  surfaces  from  both  ex-situ  (in  air)  and  in-situ  (UHV  in  a 
MBE  system)  studies  of  UP*  structures.  These  results  are  consistent  with  the  findings  of 
Pashley  et  al  [15]  usii^  in-situ  scanning  tunneling  microscopy  (STM).  Displayed  in  Fig. 

2  is  Vb(T),  in  air,  for  an  UP*  sample  using  CER  (no  pump  beam)  in  order  to  minimize 
any  photovoltage  effects.  Representative  error  bars  are  shown.  The  overall  temperature 


Fig.  1  measured  barrier  height,  Vb(T),  for  UN* 
(triangles)  and  UP*  (squares)  samples  as  a  function  of 
temperamre. 
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behaviour  cannot  be  explained 
on  the  basis  of  only  one  pinning 
level,  as  was  done  in  Fig.  1. 

Above  about  2S0K  this  curve  is 
similar  to  Fig.  1.  The  barrier 
height  Vb(T)  increases 
monotonically  with  temperature 
and  then  saturates  at  about 
4S0K.  A  major  difference  is 
that  the  saturation  value  of 
Vb(T)  is  only  about  0.5V, 
instead  of  0.75V  for  the  UP* 
sample  in  Fig.  1.  Thus,  this 
pinning  level,  which  we 
designate  as  Vj,  is  at  least 
200meV  below  midgap. 

Another  important  observation 
is  that  Vb(T)  for  the  sample  of 

Fig. 2  saturates  at  about  the  same  temperamre  ( 425-450K)  as  the  conesponding  material 
in  Fig.  1.  Based  on  Eqs.(3)  the  r  factor  for  Vj  for  this  sample  is  about  an  order  of 
magnitude  tower  than  that  of  the  prior  UP*  material. 

Another  significant  difference  between  Figs.  1  and  2  is  the  low  temperamre 
behavior.  For  the  latter  sample  there  is  a  plateau  of  about  0.20-0.25V  between  lOOK- 
250K  and  then  Vb(T)  mms  over  and  ai^roaches  zero.  The  presence  of  this  plateau 
indicates  that  there  is  another  pinning  level  at  about  0.2-0.25V. 

We  have  used  a  modified  solar  cell  equation  for  Vp(T)  in  order  to  take  into  account 
two  "pinning  levels"  [14,16J: 


Fig.  2  Measured  barrier  height,  Vb(T),  of  an  UP* 
sample  as  a  function  of  temperamre. 


Vp(T)  =  (kT/q)ln{- 


P„(l-igMw 


[A**TV(1  +  BT’^)]5^r,(l-F,)exp(-qV,/n,kT) 


(4) 


where  ijj  is  the  ideality  factor  of  the  i*  level.  The  factor  (1-Fj)  takes  into  account  that 
when  a  certain  level,  particularly  i=l,  is  full  it  no  longer  contributes  to  Vp.  The 
important  fitting  parameters  are  i},,  and  Vj,  the  positions  of  the  two  "pinning"  levels. 

However,  there  is  another  boundary  condition.  There  must  be  the  right  amount  of 
charge  on  the  surface  of  our  "parallel  plate  capacitor"  UP*  (or  UN*)  strucmre  to  produce 
the  measured  field,  i.e.,  Vg.  This  charge/area  also  determines  the  Fermi  level,  Vp.  Thus 
we  also  have  the  following  relations: 

Vb(T)  =  Q(T)/C  ,  Q(T)  =  qNXn,r.F,(T)  ,  C  «  eKjh  ,  (5a) 

i-1 


where  e(=  12)  is  the  dielectric  constant  of  GaAs,  k„  is  the  permittivity  of  free  space  and 
L  is  the  thickness  of  the  undoped  layer.  No  is  the  density  of  atoms  on  the  surface 
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Fi(T)  =  J  {exp[(E '  -Vi)V2a?]/(2ir)''*ai}  {exp[(E '  - Vp)/kTl + 1 }  'dE '  .  (5b) 


L  is  the  thickness  of  the  undoped  layer,  is  the  density  of  atoms  on  the  surface 
(6.3x10'^  cm'^),  Uj  is  the  number  of  charges  that  can  be  put  on  each  site  r,  and  =  10 
meV  for  both  levels. 

Therefore,  we  have  the  additional  constraint  that; 

Vb(T)  =  (qN.L/£<CB)£a,r,F,(T)  (6) 

{•I 

Shown  by  the  solid  line  in  Fig.  2  is  a  least-squares  fit  of  the  data  to  Eqs.  (4)  and 
(6).  The  obtained  values  of  the  relevant  parameters  are  tj,  =  1 .75,  V,=0.25V,  r,=4xl0“*, 
fli  =  1.  1/2  =  0.88,  V2=0.5V,  r2=4xl0^and  =1.  TTius  there  are  two  pinning  levels 
at  0.25V  and  0.5  V  above  the  valence  band.  The  r  factors  for  both  these  levels  are  about 
two(one)  orders  of  magnitude  lower  than  the  nO)>-type  material  of  Fig.  1. 

Yan  et  al  [11,14]  also  have  examined  an  as-grown  UP"^  GaAs  (001)  structure  at 
300K  using  PR  in-situ  in  a  M6E  chamber  before  removal  to  air.  In  this  case  also  a 
reduced  surface  state  density  is  observed.  They  find  Vb(300)  » 0.36V,  in  good  agreement 
with  the  data  of  Fig.  2  but  considerable  lower  than  the  UP*  sample  in  Fig.  1 .  After  the 
deposition  of  a  few  monolayers  of  As  it  is  found  that  Vb(300)  increases  to  about  0.6V, 
similar  to  Fig.  1 . 

There  are  at  least  two  possible  reasons  which  could  account  for  the  lower  surface- 
state  densities  observed  for  UP*  structures  compared  with  UN*  structures.  One 
explanation  may  be  related  to  a  recent  STM  result  by  Pashley  et  al  [15]  to  characterize 
the  electronic  properties  of  MBE  grown  GaAs  (001)  surfaces  with  (2x4)/c(2x8) 
reconstructions.  For  n-type  samples  the  surface  forms  the  exact  density  of  acceptor-like 
kink  sites  needed  to  pin  the  surface  Fermi  level  mid-gap  by  compensating  the  donors 
forming  the  space  charge  region,  i.e.  the  kink-site  density  increases  with  increasing  n 
doping.  This  suggests  that  the  MBE  growth  of  n-type  GaAs  will  inherently  result  in 
surface  Fermi  level  pinning.  This  is  consistent  with  our  modulation  experiments  on  UN* 
structures,  i.e.  they  always  exhibit  pinning.  For  p-type  samples  the  kinks  do  not  form 
donor  sites,  hence  there  is  no  driving  force  to  form  kinks  since  they  will  not  assist  mid¬ 
gap  pinning  for  high  doping  levels.  Hence,  the  as-grown  highly  doped  p-type  samples 
showed  a  surface  Fermi  level  near  the  valance  band  edge,  i.e.  not  mid-gap  Fermi  level 
pinning.  This  behavior  could  account  for  the  observations  of  the  present  study  since  our 
samples  also  had  (001)  surfaces  grown  by  MBE.  However,  this  can  only  be  part  of  the 
explanation,  since  the  Pashley  et  al  [15]  results  were  obtained  in  UHV  on  pristine 
surfaces  while  our  surfaces  had  been  air  exposed.  Therefore,  in  addition  to  the  above 
argument  we  must  account  for  the  stability  in  air  of  our  low  surface-state  density  UP* 
structures. 

We  suggest  that  this  stability  is  due  to  photoelectrochemical  properties  of  p-type 
surface  of  GaAs.  It  is  well  known  that  many  n-type  compound  semiconductor  surfaces 
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including  GaP  surfaces,  are  unstable  against  greater  than  band  gap  energy  photon 
illumination  in  aqueous  solutions  while p-type  GaAs  [17]  and  GaP  [18]  surfaces  are  stable 
under  these  conditions.  The  obvious  photoelectrochemical  difference  between  n-and  p- 
type  surfaces  is  the  minority  carrier  type  which  under  illumination  crosses  the 
semiconductor/electrolyte  interface.  It  is  well  known  that  the  resulting  surface  chemistries 
for  R-type  surfaces  tend  to  be  a  mixture  of  anionic  and  cationic  oxides  and  elemental 
anion.  The  minority  hole  current  results  in  either  photo-etching  or  photo-oxidation, 
depending  on  the  pH  of  the  solution.  It  is  reasonable  to  conclude  from  die  stability  of  p- 
type  photochemical  electrodes  that  the  electron  minority  carrier  current  into  the  solution 
results  in  surface  passivation.  If  so,  this  would  account  for  the  air  stability  of  our  u-p 
structures.  We  plan  to  confirm  this  in  fiimre  studies  by  STM  characterization  of  these 
surfaces. 

One  of  the  important  findings  of  this  study  was  the  qualitative  change  in  the  nature 
of  the  surface  defects  as  the  concentration  of  the  defects  was  reduced  by  improved  MBE 
growth  of  UP"^  structures  over  those  repotted  in  the  past  [3,12].  Previously  we  had  found 
mid-gap  pinning  for  both  air  exposed  and  metallized  and  UP^  structures,  i.e., 
I^bandtdge  “  ^F-jurftce  I  ~  piiuiing  has  bccn  correlated  with  the 

presence  of  elemental  arsenic  which  exists  at  equilibrium  at  the  interface  of  GaAs  and  its 
native  oxide,  i.e.  GajOj  and  AS2O}.  There  is  some  controversy  as  to  the  fundamental 
relation  of  the  As  with  the  pinning  energy  or  pinning  states.  It  could  be  argued  either  that 
the  presence  of  As  would  correlate  to  surface  native  defects  [19]  in  the  GaAs  which 
would  pin  the  Fermi  level  at  their  respective  defect  levels;  or  the  presence  of  As  would 
pin  the  Fermi  level  via  its  work  function.  The  As  work  function  would  fix  the  Fermi 
level  at  exactly  mid  gap  whereas  the  native  defects  would  be  expected  to  pin  near  mid 
gap  at  slightly  different  energies,  separated  by  about  0.2  eV,  depending  on  the 
conductivity  type,  nearer  the  conduction  band  edge  for  n-type  and  nearer  the  valence  band 
for  p-type.  However,  for  "pinning"  to  occur  requires  a  sufficient  density  of  states  of  the 
pinning  sites,  about  10'^  cm'^,  for  previous  mid-gap  pinned  structures. 

It  is  interesting  to  note  that  in  the  study  of  UP"^  samples  the  0.7  eV  pinning  site 
has  been  greatly  reduced.  What  is  uncovered  then  are  two  new  pinning  levels  at  0.3  and 
0.25  eV  above  the  valence  band  whose  density  is  about  2.5x10"  cm'^.  This  density  is 
sufficient  to  measure  in  our  experiment  but  is  insufficient  to  firmly  pin  the  Fermi  level, 
i.e.  dominate  Schottky  barrier  formation  at  metal/GaAs  interfaces.  We  conclude  therefore 
that  these  new  levels  are  most  likely  related  to  surface  native  defects  and,  while  present 
at  small  concentration,  are  not  a  factor  in  the  mid-gap  pinning  at  metal/GaAs  interfaces. 
Rather  these  results  add  support  to  the  model  which  suggests  that  mid-gap  pinning  at 
metal/GaAs  interfaces  is  directly  correlated  with  As  acting  via  its  work  function. 

EFFECTS  OF  Ar*  SPUTTERING  AND  ANNEALING 

Shown  in  Fig.  3  are  the  effects  of  Ar^  sputtering,  thermal  annealing  and  air 
exposure  on  Vg  at  300K  for  both  UN^[Vb(r)]  and  UP'^[Vb(p)]  GaAs  (001)  configurations 
[3].The  sputtering/thermal  annealing  studies  were  carried  out  in-situ  in  an  UHV  chamber. 
Also  displayed  is  the  sum  VB(n)+VB(p)  and  E,,  the  band  gap  of  GaAs  (1.42  eV). 
Initially,  on  the  undamaged  surfaces  the  barrier  heights  W^in)  *  Vb(p)  are  at  about 
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midgap.  The  quantity 
Vi(«)+ Vb(p)  is  only  about  0. 15 
eV  below  E,.  This  small 
difference  is  probably  due  to  the 
photovoltage  effect,  Vp. 

With  increased  sputtering 
time  Vgfn)  decreases  while 
Vb(p)  increases  although  the 
sum  Vb(«)+Vb(p)  remains 
approximately  constant.  After 
40  minutes  of  sputtering  no  PR 
signal  could  be  obtained  from 
the  UN"*^  sample  which  indicates 
that  the  built-in  fleld  and  hence 
Vb  (<  0.1  V)  was  too  small  to 
observe.  Therefore,  Vb(p)  has  a 
value  approximately  that  of 
Vb(b)-I-Vb<p)  for  the  previous 
conditions.  These  observations 
indicate  that  the  major 

movement  in  Vg  is  due  to  changes  in  Vp,  not  to  differences  in  Vp.  After  40  min  of 
sputtering  Vp  had  been  moved  from  midgap  to  near  the  conduction  band  edge  for  both 
materials. 

Thermal  annealing  at  350^  for  30  min  in  UHV  reversed  the  movement  of  and 
hence  Vp.  The  parameter  V^in)  went  back  to  its  original  midgap  value  while  Vpfp) 
decreased  but  did  not  return  to  its  original  value.  About  3  days  after  the  samples  were 
removed  from  the  UHV  environment  Vg(p)  went  back  to  approximately  its  original 
midgap  value  while  Vpfn)  remained  unchanged,  the  final  position  being  characteristic  of 
GaAs  with  native  oxides. 

It  is  important  to  note  that  if  only  n-type  material  had  been  investigated  the 
interpretation  of  the  changes  in  VB(n)  would  have  been  ambiguous,  e.g.,  was  the  decrease 
due  to  the  unpinning  of  the  surface  or  pinning  at  a  position  closer  to  the  conduction  band. 


Fig.  3  Measured  barrier  height,  Vb(T),  of  UN* 
(squares)  and  UP*  (circles)  as  a  function  of  Ar* 
sputering  time,  thermal  annealing  and  air  exposure. 


HETEROJUNCTION  BIPOLAR  TRANSISTOR  STRUCTURES 


Photoreflectance  has  been  used  to  characterize  the  built-in  fields  and  associated 
doping  levels  as  well  as  alloy  composition  in  GaAlAs/GaAs  [20-22],  InGaAs/InP  [23], 
InGaP/GaAs  [24],  InAlAs/InGaAs  [25]  and  InGaAs/GaAs  [26]  heterojunction  bipolar 
transistor  structures  (HBTs).  The  PR  characterization  of  GaAs/GaAlAs  HBTs  is  of 
particular  significance  since  certain  features  in  the  spectra  of  samples  before  fabrication 
have  been  correlated  with  actual  device  performance  after  fabrication.  No  other  non¬ 
destructive  means  of  experimentally  determining  the  electric  fields  in  HBT  structures  is 
currently  available.  Thus  PR  has  been  shown  to  be  an  effective  contactless  and  non¬ 
destructive  means  of  screening  wafers  before  they  are  made  into  actual  devices.  The  work 
of  [20,21]  was  actually  performed  on  wafer-sized  samples. 
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These  HBT  stnictures,  fabricated  by  MBE  or  OMCVD,  exhibited  FKOs  associated 
with  the  built-in  electric  fields  in  the  n'-GaAs  collector  legum  and  the  wide  gap  Ga,. 
,Al,As  emitter  portion.  These  measurements  have  made  it  possible  to  evaluate  the  built-in 
fields  as  well  as  the  A1  composition.  The  values  of  these  fields  are  in  good  agrmiKnt 
with  those  deduced  from  computer  generated  models  of  the  device  structure.  The  most 
significant  aspect  of  these  studies  was  the  correlation  of  the  fields  from  the  GaAlAs  FKOs 
and  the  dc  current  gains  in  fabricated  HBTs  [20,21]. 

Photoreflectance  at  300K  also  has  been  us^  to  study  an  InP/In,Ga,.,As  HBT 
structure  with  a  carbon-doped  base  grown  by  gas  source  MBE  (GSMBE)  [23].  From  the 
FKOs  associated  with  both  the  InGaAs  and  InP  signals  it  was  possible  to  determine 
in  the  n-InGaAs  collector  (30  kV/cm)  and  n-InP  emitter  (100  kV/cm)  regions.  These  field 
values  were  compared  with  numerical  simulations  based  upon  the  intended  structure.  The 
PR  data  indicated  a  significantly  lower  donor  concentration  in  both  the  collector  and 
emitter  regions.  These  PR  resulB  were  subsequently  confirmed  by  (destructive) 
capacitance-voltage  (C-V)  and  secondary  ion  mass  spectroscopy  (SIMS)  determinations 
of  the  /I— doping  levels. 

The  HBT  structure  used  in  the  experiment  was  fabricated  on  a  (001)  semi- 
insulating  InP;Fe  substrate.  The  sample  consisted  of  a  n'^fl  x  10”  cm"’)  4(X)0A  InGaAs 
subcollector,  a  n“(2  x  10”  cm"’)  4000A  InGaAs  collector,  a  p^(5  x  10”  cm"’  nominal 
concentration  of  carbon  atoms)  600A  InGaAs  base,  a  n(S  x  10”  cm"’)  SOOA  InP  emitter, 
a  /i(2  x  10”  cm"’)  5(X)A  InP  emitter  and  a  n*(l  x  10”  cm"’)  300A  InGaAs  cap  layer. 
The  n-  and  p-dopants  were  Si  and  C,  respectively. 

Displayed  in  Fig.  4  is  the  PR  trace  of  the  sample  at  300K.  The  feature  around 
0.75  eV  corresponds  to  the  band  gap  of  InGaAs  while  the  structure  around  1.35  eV  is 
related  to  the  InP.  Both  features  exhibit  well  pronounced  FKOs.  From  a  plot  of 
(4/3ir)(E„-E,)’'’  as  a  function  of  index  n  it  was  possible  to  evaluate  fiO  (and  hence  F*.) 
as  well  as  E,.  The  obtained 
values  of  the  band  gaps  for  the 

InGaAs  (0.737  eV)  and  InP  tgi  »  ■  ■  — 

(1.35  eV)  are  indicated  by  PhotwflecUBcy 

arrows  at  the  bottom  of  Fig.  7.  8  *  II  1 

This  value  of  the  gap  for  the  |  |  i^p 

InGaAs  is  in  good  agreement  \  4  .  1  1 

with  that  for  InGaAs/InP  and  K  (X4)  |  (X20)  1  a  (x20) 

confirms  the  lattice-matched  _  1  a  A  1  /  \  vw  ^  / 

nature  of  the  system.  o  ®  1  ^  "'n.  1  / 

It  was  found  that  F*.  in  \  1/  ^  ^  1 1 

the  InGaAs  collector  and  InP  ~4  '  V  v  IaC«As/InP  HBT  \/ 
eminer  regions  are  (30±2)  .  ” 
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respectively.  The  authors  also 
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Fig.  4  Photoreflectance  spectrum  of  an  InGaAs/InP 
HBT  structure  at  300K. 


shown  in  Fig.  4.  This  procedure  yielded  63  kV/cm  and  38S  kV/cm  for  the  peak  fields 
in  the  InGaAs  collector  and  InP  emitter  sections,  respectively.  These  values  are 
considerably  larger  than  those  deduced  from  the  PR  data,  suggesting  that  donor 
concentrations  in  the  structure  fell  short  of  their  target  values.  The  calculation  and  data 
can  be  brought  into  agreement  by  assiuning  r=4.S  x  10'^  cm'^  and  3.S  x  10'^  cm  ^  in  the 
collector  and  emitter  #1  sections,  respectively,  as  indicated  by  the  numbers  in 
parentheses. 

In  order  to  verify  these  results,  C-V  and  SIMS  measurements  of  the  doping 
profiles  were  performed.  Both  studies  revealed  Si-doping  levels  that  were  substantially 
lower  than  indicated  by  the  growth  conditions  and  in  better  agreement  with  the  PR 
results.  These  differences  were  attributed  to  a  defective  heating  filament  in  the  Si  source 
which  was  confirmed  by  visual  inspection  through  the  GSMBE  viewport  after  material 
growth. 

SUMMARY 

This  paper  has  reviewed  the  use  of  contactless  EM  methods,  such  as  PR  and  CER, 
as  diagnistic  tools  for  a  number  of  semiconductor  processing  procedures  including 
characterization  of  (a)  the  electronic  properties  of  compound  semiconductor  surfaces 
exposed  to  different  growth  and  post-growth  conditions  (b)  the  properties  critical  to 
device  performance.  For  example,  using  PR  and  CER  it  has  been  found  that  there  is  a 
lower  density  of  surface  hole  traps  than  electron  traps  in  certain  as-grown  MBE  (001) 
GaAs  samples  and  that  this  condition  persists  even  after  air  exposure.  This  behaviour  is 
in  contrast  to  other  samples,  including  both  bulk  and  MBE  grown  (001)  surfaces  in  which 
the  Fermi  level  is  piimed  mid-gap  for  both  n-  and  p-type  structures.  We  also  have 
observed  that  Ar^  bombardment  under  UHV  conditions  results  in  Fermi  level  pinning 
close  to  the  conduction  band  edge  and  that  thermal  annealing  restores  mid-gap  pinning. 
Finally,  using  PR  we  are  able  to  evaluate  the  electric  fields  and  associated  doping  levels 
in  the  emitter  and  collector  regions  of  heterojunction  bipolar  transistor  structures 
(fabricated  from  III-V  materials),  thus  demonstrating  the  ability  to  perform  in-process 
evaluation  of  important  device  parameters. 
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ABSTRACT 

Pliotoieflectance  has  been  used  to  characterize  the  etch-induced  damage  in  GaAs 
processed  in  an  Ar/Cl2  plasma  generated  by  an  electron-cyclotron  resonance  (ECR)  source.  We 
show  that  the  damage  is  localized  to  the  surface  and  that  it  is  most  influenced  by  the  RF  power, 
with  little  effect  from  the  microwave  power.  The  Fermi-level  is  observed  to  be  unchanged  in  n- 
GaAs  and  remains  near  midgap,  while  for  p-GaAs,  the  Fermi  level  shifts  from  near  the  valence 
band  to  midgap.  Etch-induced  anisite  defects  are  proposed  as  a  possible  source  of  the  damage. 


INTRODUCTION 

The  decreased  dimensions  and  increased  complexity  of  semiconductor  device  structures 
has  produced  a  need  for  better  control  over  materials  growth  and  processing.  While  fine  control 
in  epitaxial  growth  has  existed  for  many  years,  etching  of  semiconductors  can  potentially  cause 
defect  formation.  For  most  applications,  the  epitaxial  growth  of  materials  involves  layer  by 
layer  processes,  in  which  chemical  reactions  can  occur  between  a  substrate  and  a  gas  or 
molecular  beam.  Because  the  energies  of  the  gases  or  molecular  beams  are  thermal,  the  growth 
process  produces  pristine  material.  In  dry  etching,  anisotropic  material  removal  is  almost  always 
desired.  This  is  accomplished  by  the  balance  between  the  chemical  component  and  the  physical 
guttering  component  during  etching.  Typically  chemical  etching  is  istropic  and  thus  limits  the 
lateral  dimensions.  Anisott-opy  is  attained  through  the  use  of  energetic  and  directional  ions.  A 
side  benefit  that  is  often  attained  from  the  combination  of  a  reactive  gas  with  an  ion  beam  is  an 
enhancement  of  etch  rates  beyond  those  of  the  chemical  or  sputtering  processes.  Because  of  this, 
etching  techniques  such  as  reactive  ion  etching  (RIE),  chemically  assisted  ion  beam  etching 
(CAIBE)  and  plasma  etching  with  an  electron  cyclotron  resonance  (ECR)  source  have  replaced 
liquid  etching  in  many  areas  of  device  fabrication. 

Since  most  d^  etching  processes  involve  energetic  ions,  they  produce  an  undesirable 
side  effect  in  the  form  of  etch  induced  electronic  damage.  In  semiconductors,  damage  levels  as 
low  as  1  part  in  10^  can  render  a  device  inoperable.  Because  of  this,  it  is  desirable  to  use  low 
energy  ions.  In  CAIBE  and  RIE,  ion  energies  are  typically  well  above  100  eV.  Lowering  ion 
energies  to  reduce  damage,  however,  also  reduces  the  etch  rate,  which  is  undesirable.  With  an 
ECR  source  ion  energies  below  SO  eV  are  possible.  In  addition,  ion  fluxes  and  energies  can  be 
controlled  separately  and  it  is  possible  to  have  high  etch  rates  with  low  ion  energies.  Therefore, 
an  ECR  source  offers  possibilities  for  control  of  etch  damage  without  signifleant  loss  of 
throughput 
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In  this  work,  we  have  studied  changes  in  the  electronic  properties  of  GaAs,  induced  by 
etching  with  a  Cl2/Ar  plasma  generated  by  an  ECR  source.  The  contactless  optical  spectroscopy 
of  photoreflectance  (PR)  was  used  as  a  probe  of  subsurface  etch  damage  and  of  the  Fermi-level 
pinning  position  at  the  surfaces  of  etched  GaAs.  In  order  to  accomplish  this,  we  have  used 
specially  grown  MBE  GaAs  samples  that  were  optimized  for  surface  electric  field  studies, 
lliese  samples  ate  undoped  GaAs  grown  on  n'*'-  or  p'*'-GaAs.  This  configuration  forms  a 
capacitor  with  the  undoped  GaAs  forming  the  dielectric  while  the  doped  substrate  and  the  charge 
in  surface  states  form  tte  capacitor  plates.  In  this  way,  by  knowing  the  layer  thickness,  we  can 
have  a  sensitive  monitor  of  the  surface  potential.  Our  studies  show  that  in  unetched  samples  the 
surface  Fermi  level  pinning  position  for  electrons  is  different  from  that  of  holes.  This  result  is 
expected  from  previous  work.  Etching  is  shown  to  dramatically  change  the  Fermi-level  position 
for  holes,  from  near  the  valence  band  to  near  mid-gap  while  for  electrons  little  effect  is 
observed.  These  results  suggest  that  defects  are  responsible  for  changes  in  the  Fermi-level 
pinning  position.  The  most  important  parameter  that  influences  damage  is  shown  to  be  RF 
power,  while  little  effect  is  observed  from  changes  in  the  microwave  power.  We  also  show  that 
little  subsurface  damage  is  observed  in  the  photoreflectance  measurements. 


EXPERIMENTAL  DETAILS 


In  order  to  probe  the  electrical  properties  of  the  etched  surface,  we  used  specifically 
designed,  undoped  epitaxial  GaAs  layers  that  have  constant  built-in  electric  fields  and  low 
lifetime  broadening  for  optical  transitions.  These  conditions  lead  to  many  Franz-Keldysh 
oscillations  in  the  photoreflectance  spectrum  thereby  allowing  us  to  accurately  determine  the 
built-in  field.[l]  Similar  types  of  structures  were  recently  employed  by  Yin  et  al.[2,3]  and 
Glembocki  et  ai.[4]  for  use  in  studies  of  GaAs  surfaces  and  their  modification  by  sputtering  or 
chemically  assisted  ion  beam  etching.  These  suuctures  consist  of  a  1500  A  thick  undoped  GaAs 
layer  grown  on  either  an  n+  or  p+  buffer  layer  and  henceforth  will  be  referred  to  as  UN  or  UP, 
depending  on  the  type  of  doping  in  the  buffer  layer.  The  sample  configuration  is  similar  to  a 
capacitor  with  the  undoped  region  serving  as  the  dielectric.  For  example,  in  the  case  of  UN 
samples,  the  Fermi-level  pins  at  mid-gap  at  the  surface,  while  in  the  heavily  doped  region  the 
Fermi  level  is  in  the  conduction  band.  Such  a  configuration  produces  a  constant  electric  field 
(-50  kV/cm)  in  the  undoped  layer. 

The  photoreflectance  apparatus  used  in  this  study  is  similar  to  those  previously  described 
in  the  literature.[5]  The  probe  light  consisted  of  a  monochromatic  beam  created  by  passing 
white  light  from  a  100  W  quartz  halogen  lamp  through  a  SPEX  1/4  m  monochromator.  The  PR 
pump  beam  was  either  a  0.25  mW  green  (5430  A)  or  1  mW  red  (6328  A)  HeNe  laser 
mechanically  chopped  at  400  Hz.  The  monochromatic,  reflected  light  was  detected  with  a  Si 
photodiode  and  analyzed  by  a  lock-in  amplifier.  The  pump  laser  power  density  was 
approximately  50X10’^  W/cm^,  while  probe  beam  had  a  power  density  of  1X10'®  W/cm^.  The 
sample  temperature  was  varied  in  the  range  of  77  K  to  500  K  through  the  use  of  a  Janis  liquid  He 
dewar  and  resistive  heating  as  appropriate. 

The  samples  used  in  this  study  were  etched  in  a  plasma  generated  by  an  ECR  source  on 
top  of  a  RF-powered  electrode.  The  ECR  source  used  is  a  multipolar  plasma  disk  source 
siuTounded  by  twelve  permanent  magnets,  and  is  driven  at  2.45  GHz.  The  ECR  cavity  is  tunable 
with  a  sliding  shoft  and  a  microwave  input  probe.  The  ion  energy  can  be  independently  controlled 
by  the  13.56  MHz  RF  power  supply.  TTie  distance  between  the  sample  stage  and  the  ECR  source 
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is  adjusu^te  between  7  aiKl  27  cm.  in  this  study,  Q2  gas  was  introduced  into  the  etch  chamber 
through  a  gas  ring  situated  1  cm  below  the  w^er  stage,  while  Ar  gas  was  introduced  radially 
through  the  base  of  the  ECR  source. 

The  samples  to  be  etched  were  introduced  into  the  etch  chamber  through  a  load-lock. 
Before  transferrins  the  samples  into  the  etch  chamber,  the  load-lock  was  pumped  to  a  base 
pressure  of  2X10'^  Torr  by  a  turbomolecular  pump.  The  etch  chamber  is  pumped  by  a  ISOO  I/s 
turbomolecular  pump  backed  by  a  roots  blower  package.  Before  etching  was  started,  the 
chamber  was  pumped  to  a  base  pressure  of  SXIO'^  Ton. 

Two  aspects  of  etching  with  an  ECR  source  were  probed  in  this  study:  the  effects  of  ion 
flux  and  ion  energy.  In  studying  the  effects  of  ion  flux  on  surface  damage,  the  samples  were 
etched  at  different  microwave  powers,  but  with  a  fixed  self-induced  dc  bias,  of  100  V.  A 
a2/Ar  chemistry  of  20%  02  at  O.S  mTon  and  a  12  cm  source  to  sample  distance  was  used  in 
etching  these  samples.  In  order  to  maintain  a  constant  the  RF  power  was  increased  from 
31-47  W  as  the  microwave  power  was  increased  from  O-SOO  W.  In  all  cases,  the  etch  depth  was 
kept  constant  at  -  3S0  A.  The  effects  of  ion  energy  on  surface  damage  were  investigated  by 
changing  the  RF  power.  The  sample  to  source  distance  was  IS  cm  and  the  a2/Ar  mixuire 
contained  30%  G2  at  a  pressure  of  0.6  mTorr  and  a  microwave  power  of  SO  W.  Increases  in  RF 
power  from  20-300  W  resulted  in  increases  in  IV^I  from  77-484  V. 

Both  the  UN  aitd  UP  samples  were  etched  simultaneously  for  each  condition  and  all 
sample  sizes  were  approximately  I  cm^.  In  order  to  ascertain  the  effects  of  etching  on  the 
samples,  PR  spectra  were  taken  before  and  after  the  etch  on  each  of  the  samples.  In  the  control 
samples,  we  found  variadons  in  surface  electric  fields  of  less  than  S%  for  both  types  of  samples, 
UN  and  UP. 


THEORETICAL  CONSIDERATIONS 

Photoreflectance  specuoscopy  measures  the  built-in  electric  field  in  a  semiconductor  in 
the  following  way:  a  constant  applied  electric  field  modifies  the  band  edge  of  a  semiconductor  in 
a  manner  predictable  by  Franz-Keldysh  theory.  For  the  case  of  Lorentzian  broadening  and 
ignoring  excitonic  effects,  the  PR  line  shape  is  represented  by  Airy  functions,  which,  for  photon 
energies  greater  than  the  band  gap  can  be  asymptotically  written  as:[61 
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where  C  is  a  constant,  Vp  is  the  modulation  (AC)  voltage  in  the  region  of  the  electric  field,  E  is 
the  photon  energy.  Eg  is  the  energy  gap,  F  is  lifetime  broadening  and  tl%  is  the  electro-optic 
energy.  In  photoreflectance,  the  modulation  voltage,  Vp  is  just  the  photovoltage  induced  by  the 
pump  laser.  The  quantity,  hO  is  related  to  the  electric  field,  F,  and  the  reduced  interband 
effective  mass  along  the  direction  of  the  electric  field,  (i||  [=(  through  M  = 

(e2F2h2/2p||)l/3.  It  is  important  to  note  that  Eq.  (1)  is  valid  only  if  E-Eg  » tlQ.  It  is  clear  that 
Eq.  (1 )  exhibits  a  periodic  behavior  and  that  the  built-in  electric  field  can  be  determined  from  the 
period  of  the  FKO's  using  the  following  relationship: 
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where  En  is  the  energy  of  the  mbrntuunuL 

Although  Eq.  (2)  can  be  used  to  determine  the  field,  care  must  be  taken  in 
photoiellectance  of  UN/UP  structures.  Yin  et  al.  (1,2]  have  shown  that  in  these  structures,  the 
photovoltage  can  be  significant  and  give  the  following  expression  for  the  true  barrier  height, 
including  the  photovoltaic  effect' 


V»  =  V,(r)-3^1n[-;^f^  +  ll+V,  (3) 

where  Vp<D  is  the  temperamie  dependent  Fermi  level,  is  the  quantum  efficiency  parameter, 
Jpc  is  tte  photocurrent  density  and  Jq  is  the  saturation  current  In  Eq.  (3),  Aq  is  the  area 
containing  surface  states,  while  Ap^  is  the  illuminated  area.  The  term,  Vj  is  a  correction  due  to 
band  filling  and  depletion  layer  effects.  In  Eq.  (3),  Jo(T)  is  the  saturation  current  and  is  given 
by: 
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where  for  n-GaAs,  A*  =  8.0  A/cm^  and  B=3.3  X  10-4  k-3/2  for  jvGaAs  A*  =  54.0 
A/cm2  k2  and  B=4.9  X  lO'S  K-3/2 . 


RESULTS 


Shown  in  Fig.  1  ate  four  room  temperature 
photoreflectance  spectra  for  an  UN  (la)  and  an  UP 
(lb)  structure  before  and  after  etching  with  an  ECR 
source.  The  etch  conditions  consisted  of  a  Cl2/Ar 
plasma  excited  by  a  microwave  power  of  SO  W  and 
an  RF  power  of  300  W.  This  circumstance  results  in 
the  most  energetic  ions  used  in  the  study  and  thus 
should  produce  the  most  noticeable  damage. 

In  all  of  the  spectra  of  Hg.  1.,  the  band  gap  of 
GaAs  occurs  at  1.424  eV.  Above  the  band  edge  there 
are  a  large  number  of  Franz  Keldysh  oscillations 
which  are  a  direct  result  of  the  constant  electric  field 
in  the  undoped  layer.  From  the  data  in  Fig.  1, 
several  things  are  apparent  First,  we  note  that  for 
the  unetched  samples,  the  period  of  the  FKO's  for  the 
UN  structure  is  greater  tto  the  period  for  the  UP 
sample,  indicating  that  the  surface  field  for  the  n- 
type  malmial  is  larger  than  for  the  p-type.  We 
further  note  that  etching  produces  spectra  with  larger 
periods,  which  indkales  an  increase  in  the  surface 
field.  This  increase  can  be  a  result  of  two  effects,  the 
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Hguie  1.  Pbotoieflecianoe  spectra  for  the  cooirol 
(solid)  and  etched  (dotted)  (a)  UN  and  (b)  UP 
stmctmes.  The  undoped  layer  thickness  is  d. 
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reduced  thickness  of  the  usdoped  region  and  possibly  an  increase  in  the  surface  potential. 
Interestiitgly.  in  the  case  of  the  etched  samples,  the  periods  of  the  UN  and  UP  structures  appear 
to  be  very  similar.  We  can  see  this  better  by  using  the  energetic  positions  of  the  maxima  in  Fig. 
1  and  fitting  them  to  Eq.  (2).  Figure  2  shows  a  plot  of  the  data  and  fits  to  Eq.  (2)  for  the  UN  and 
the  UP  samples.  Since  the  slope  of  the  lines  in  Rg.  2  is  directly  related  to  the  surface  electric 
Helds,  we  can  easily  see  that  tte  surface  potential  before  etching  was  different  for  the  UN  and 
UP  samples,  but  after  etching  it  is  nearly  the  same. 

In  order  to  obtain  a  better  value  for 
the  surface  pinning  position,  the 
photovoltaic  effects  must  be  reduced.  It  is 
clear  from  Eqs.  (3)  and  (3)  that  the 
photovoltaic  contribution  to  the  barrier 
height  saturates  at  higjh  temperatures  aixl  in 
previous  woik,  it  was  demonstrated  that 
the  saturation  usually  occurs  near  400 
K.[l,2]  Under  these  conditions,  Eq.  (3) 
will  yield  the  true  Fermi  level  pinning 
position.  Shown  in  Fig.  3  are  the  Fermi 
positions  for  the  UN  and  UP  samples  as  a 
function  of  the  self  induced  bias,  IVd^l  (RF 
power).  This  data  was  taken  with  a  sample 
temperature  of  400  K,  thereby  reducing  the 
photovoltaic  effect  The  Fermi-level 
positions  of  the  unetched  samples  agree  well  with  previously  reported  data  for  (100)  GaAs.  We 
clearly  see  that  the  Ffcrmi  level  position  of  the  UN  samples  is  hardly  affected  by  changes  in  IV^cl 
(ion  energies),  whereas  the  Fermi  level  position  of  the  UP  sample  moves  away  from  the  valence 
band  and  stabilizes  near  midgap.  This  behavior  will  be  discussed  later  in  terms  of  the  nature  of 
the  surface  states  in  GaAs. 


Hgure  2.  Fits  Oines)  of  ibe  energetic  positions  of  the  FKO 
maximas  (symbols)  to  Eq.  (2).  Tbe  sl^  of  die  straight  line  is 
related  (o  sorbce  electric  field. 


Figure  3.  Tbe  Fermi  level  puming  posidoo  as  a 
fimcdon  of  self-induced  DC  bias  All  energies  ate 
relative  to  die  lop  of  tbe  valence  band  (vb). 


Figure  4.  Tbe  Fermi  level  pumiog  position  as  a 
fimcdon  of  microwave  power.  All  energies  ars 
reladve  to  tbe  top  of  tbe  valence  band  (vb). 


The  data  for  variations  in  the  Fermi  level  pinning  position  as  a  function  of  ion  flux 
(microwave  power)  is  shown  in  Fig.  4.  In  this  case,  tbe  samples  were  etched  with  a  Hxed  IVd^l 
of  100  V.  At  this  voltage,  little  surface  damage  was  expected.  Increasing  the  microwave  power 
produces  no  change  in  UN  pinning  position,  and  a  very  weak  if  any  motion  of  the  UP  pinning 
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position  toward  midgap.  Clearly  for  low  iV^I,  the  Fermi-level  pinning  is  virtually  independent 
of  the  ion  flux.  Because  we  have  not  performed  the  same  experiment  at  other  it  is  not 
possible  for  us  to  generalize  this  result  to  high  RF  powers. 


DISCUSSION 

The  results  of  our  work  have  both  fundamental  and  technological  implications.  From  a 
fundamental  point  of  view,  the  shift  of  the  Fermi  level  positions  during  etching  of  GaAs  in  a 
ArAri2  plasma  generated  by  an  ECR  source  reflects  directly  on  the  nature  of  the  etched  surface. 
The  important  result  that  we  have  obtained  is  the  fact  that  because  of  the  etch,  the  Fermi-level  of 
the  UP  samples  shifts  toward  midgap,  while  the  Fermi  level  of  the  UN  materials  does  not  shift. 
This  eliminates  certain  models  for  the  nature  of  the  GaAs/oxide  interface  as  modified  by  etching. 
Because  CI2  is  used  in  the  gas  mixture,  one  might  speculate  that  it  is  the  cause  of  the  shift  of  the 
Fermi-level.  Studies  of  the  adsorption  of  CI2  on  (110)  GaAs  surfaces  show  that  due  to  the 
electronegativity  of  CI2,  the  Fermi  level  of  n-GaAs  is  expected  to  shift  to  within  0.1 -0.2  eV  of 
the  valence  band.[7]  Higher  CI2  coverage  pinned  both  types  at  0.55  eV  above  the  valence 
band.[7]  Our  results  show  no  shift  at  all  in  n-GaAs  and  only  shifts  in  the  UP  structures,  but 
toward  midgap.  This  clearly  is  inconsistent  with  any  CI2  induced  interface  states  at  the 
GaAs/oxide  interface.  On  the  other  hand,  the  adsorption  of  oxygen  on  (110)  GaAs  leads  to 
different  pinning  positions  in  n-GaAs  and  p-GaAs.(8)  These  Fermi  level  positions,  however,  are 
very  similar  to  those  of  the  unetched  surfaces. 

Based  on  the  discussion  above,  we  believe  that  the  etch  induced  surface  states  are  not 
related  to  the  presence  of  chemical  species,  such  as  oxygen  or  chlorine  on  the  surfaces  of  the 
etched  materids.  Another  possibility  is  in  advanced  unified  defect  model  of  Spicer  et  al.[9] 
They  propose  that  antisite  defects  such  as  AsQa  and  Ga/yj  will  results  in  double  donor  or  double 
acceptor  type  surface  states.  The  Ga/y^  defect  slates  lie  close  to  the  valence  band  and  would  tend 
to  pin  p-GaAs,  while  the  AsQa  defect  states  are  near  midgap  and  would  heavily  pin  n-GaAs. 
Spicer  et  al.  argue  that  changes  in  the  As/Ga  ratio  at  the  surface  would  shift  the  Fermi  level 
toward  the  conduction  band  minimum  if  the  ratio  increased  and  toward  the  valence  band 
maximum  if  it  decreased.  A  recent  PR  study  of  P2S5  passivation  of  (100)  GaAs,  found  that  the 
Fermi  level  in  the  UP  materials  shifted  toward  the  valence  band.  [10]  Surface  studies  showed 
that  the  passivation  produced  a  monolayer  thick  Ga  rich  oxide. 

Based  on  the  previous  discussion,  we  suggest  that  etching  with  an  ECR  source  produces 
an  As  rich  surface  and  that  because  of  this,  the  Fermi  level  shifts  toward  midgap  in  the  UP 
structures.  Since  in  the  UN  materials,  the  Fermi  level  is  already  pinned  at  midgap  (al  the  Asq^ 
defect  state)  further  reductions  in  the  Ga^j  sites  would  have  little  effect.  Preliminary  Auger 
electron  spectroscopy  of  the  oxides  on  the  control  and  etched  samples  indicates,  qualitatively  an 
increase  in  the  As/Ga  ratio  in  the  etched  samples.  This  is  consistent  with  the  motion  of  the 
Fermi-level  toward  mid-gap.  Interestingly,  because  P2S5  passivation  has  the  opposite  effect,  it 
may  be  possible  to  use  this  procedure  to  reduce  the  etch  damage. 

Finally,  it  is  important  to  note  that  the  work  of  Poliak  et  al.  [  1 1  ]  on  untreated  (100)  GaAs 
surfaces  a’<o  shows  the  existence  of  two  surface  slates,  in  agreement  with  our  work.  The  Fermi- 
level  posttions  obtained  by  Poliak  et  al.  were  similar  to  those  reported  here.  This  clearly 
demonstrates  that  the  electronic  properties  of  the  (100)  GaAs  surface  can  be  understood  in  terms 
of  the  chemical  nature  of  the  GaAs/oxide  interface  and  can  be  related  to  well  known  results 
obtained  under  ultra-high  vacuum  cot.ditions. 


SUMMARY 


In  summary,  we  have  used  photoreflectance  spectroscopy  to  characterize  the  etch  damage 
in  GaAs  etched  with  an  ECR  source.  We  found  that  the  damage  was  mainly  localized  to  the 
surface  and  that  the  etch  had  little  effect  on  the  Fermi  level  in  n-GaAs,  but  caused  a  significant 
shift  of  the  p-GaAs  Fermi-level  toward  midgap.  It  is  suggested  that  the  damage  is  caused  by 
defects  at  the  GaAs  surface.  It  was  also  determined  that  RF  power  most  influences  the  surface 
damage,  with  little  noticeable  effects  from  the  microwave  power. 
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ABSTRACT 

Photoreflectance  spectroscopy  (PR)  is  used  to  make  in-situ  diagnostics  of  sub¬ 
surface  damage  behavior  during  Ar-plasma  etching  of  n-type  GaAs/The  in-situ  PR 
diagnostics  first  unveii  anomalous  damage  behavior  at  an  early  stage  of  plasma  etch¬ 
ing:  Franz-Kerdysh  oscillation  shows  an  abrupt  decrease  in  the  surface  electric-field 
strength  from  130  to  30  kV/cm  within  10  sec.  This  indicates  that  acceptor-like  defects 
with  a  concentration  of  more  than  1x10'^  cnr^  are  created  at  the  very  beginning  of  the 
plasma  etching.  The  SR/R  abruptly  decreased  to  4%  in  intensity  upon  within  5  sec.  of 
plasma  etching  and  subsequently  recovered.  This  indicates  that  recombination  centers 
are  quickly  introduced,  then  further  plasma  etching  gradually  removes  such  centers, 
possibly  by  etching  the  damaged  layer.  Photoluminescence  (PL)  intensity  decreases  to 
72%  but  does  not  show  any  recovery,  indicating  that  PL  is  dominated  by  recombination 
centers  in  a  deeper  region.  Thus,  in-situ  PR  diagnostics  is  the  first  method  to  provide 
detailed  findings  on  new  damage  behavior  during  Ar-lasma  etching. 


Introduction 

Plasma  processing  is  an  indispensable  technology  for  making  semiconductor 
devices.  However,  a  problem  associated  with  plasma  processing  is  that  plasma  irradia¬ 
tion  creates  point  defects  in  sub-surface  of  semiconductors,  which  can  induce  deep 
levels  in  the  energy  bandgap.  The  defects  are  refered  to  as  ‘damage*.  Such  damage 
degrades  the  material  properties.  Plasma  damage  has  been  extensively  studied, 
however,  many  of  the  studies  did  not  pay  serious  attention  to  the  diagnostic  system  re¬ 
quirements  stated  in  the  next  secb'on.  (juite  recently,  pioneering  work  has  been  done 
on  surface  physics  and  in-situ  diagnostics  of  surface-potential  change  caused  by  Ar 
sputtering  have  been  makd  using  photoreflectance  spectroscopy  (PR).* 

In  the  present  paper,  we  report  the  results  of  setting  up  a  reactive  ion-etching 
system  equipped  with  PR  to  make  in-situ  diagnostics  of  plasma-induced  surface  and 
sub-surface  dam^e  in  GaAs.  In-situ  diagnostics  revealed  the  kinetics  of  introducing 
plasma-induced  damage  such  as  recombination  centers  as  well  as  compensation 
centers. 

Requirements  for  plasma-induced  damage  diagnostics 

We  have  set  up  an  in-situ  diagnostics  system  for  plasma-etching  damage, 
equipped  with  PR  as  shown  in  Fig.i.'s)  Before  we  describe  detailed  experimental  re¬ 
sults,  we  will  discuss  the  requirements  that  a  damage  diagnostics  system  should  fulfill. 
There  are  three  minimum  requirements; 

1)  In-situ 

Damage  is  easily  transformed  if  surface  is  exposed  to  the  air,  since  plasma- 
etched  surfaces  are  highly  activated.  Surface  metallization  also  generates  dame^e 
which  is  not  specifically  understood.  Therefore,  damage  diagnostics  should  be  per¬ 
formed  in-situ  and  without  making  physical  contact  with  the  sample. 
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2)  Non-invasive 

Dam^e  can  be  reduced  by  minority-carrier  injection  in  terms  of  recombination- 
enhanced  defect  reaction.  the  probing  power  used  for  damage  diagnostics  should 
be  low  enough  to  avoid  influencing  dame^. 

3)  Surface-sensitive 

Plasma-induced  damage  is  often  located  in  the  sub-surface  region.  Characteri¬ 
zation  methods  should  be  sur^e  sensitive. 

The  first  requirement  can  be  met  by  using  optical  probes.  Since  plasma  process¬ 
ing  is  usually  performed  at  a  pressure  close  to  atmospheric  pressure,  an  electron  beam 
cannot  be  used  as  a  probe.  The  second  requirements  means  that  Raman  ^ctroscopy 
becomes  less  appropriate  if  highly  intense  laser  is  used.  As  shown  in  Fig.  2,  high- 
power-laser  irradiation  can  remove  plasma-induced  damage.  We  have  also  reported 
that  even  damage-induced  by  ion-implantation  can  be  reduced  by  using  high-power- 
laser  irradiation."  The  third  r^uiremente  means  that  photoluminescence  sp^roscopy 
(PL)  is  less  appropriate  because  the  presence  of  surface  depletion  layers  in  semicon¬ 
ductors  makes  it  difficult  to  evaluate  damage  by  PL,  as  we  will  show.  Therefore,  we 
concluded  that  PR  is,  at  present,  the  best  method  for  in-situ,  non-invasive,  surface- 
sensitive  diagnostics. 

Experiment 

A  schematic  rmresentation  of  our  in-situ  system  for  diagnosing  plasma-etching 
damage  is  shown  in  Fig.  f .  PR  measurements  were  performed  as  follows;  The  pump 
beam  was  supplied  by  chopping  an  Ar^-ion  laser  (514.5  nm)  with  a  power  density  of  the 
order  of  1  mW/cm^.  A  GaAs:Si  wafer  (n  =  2x10’' cm  ®)  was  placed  in  a  plasma  etching 
chamber.  Thus,  in-situ  observation  of  damage-introduction  kinetics  caused  by  plasma 
irradiation  could  be  done  without  exposure  to  air  or  metallization  of  the  sample  surfaces. 

Plasma  irradiation  was  performed  in  a  parallel-plate  reactor  operating  at  13.56 
MHz  at  a  pressure  of  1 0  Pa  at  50  W,  which  corresponds  to  a  self-bias  voltage  of  200  V. 
Irradiation  time  was  5, 10,  30,  60  or  120  sec.  The  etching  rate  was  around  1  nm/min. 
Prior  to  plasma  irradiation,  the  sample  surface  was  etched  off  by  1  -pm-thick  wet  etching 
to  eliminate  any  existing  residual  damage  on  the  surface. 


current 

amp. 


plasma  reactor 


Figure  1  Schematic  representation  of  an  in-situ  PR-based  diagnostics  system  for 
plasma-induced  damage. 


tn-situ  damage  diagnostics  were  performed  as  follows:  The  PR  measurement 
was  performed  before  plasma  irradiation,  then  plasma  was  irradiated  for  a  given  time 
without  optical  illumination.  After  plasma  irradiation,  the  sample  was  left  for  %  min.  to 
cool  to  room  temperature  since  the  sample  tenmeralure  rose  during  piuma  irradiation. 
Then  we  performed  the  PR  measurements.  Preliminary  study  was  done  using  this 
system  for  in-situ  real-time  diagnostics  during  plasma  irradiation.  This  will  be  reported 
in  a  forthcoming  paper. 

RasuHs 

Charige  in  PR  spectrum  dun  to  plasma  irradiation 

Figure  3  shows  typical  PR  spectra  before  and  after  Ar  plasma  ir/adiation  for  1 
min.  Two  interesting  changes  can  be  seed.  After  plasma  irradiation,  the  spacing  of 
Franz-Kerdysh  Oscillations  (FKOs)  became  more  narrow  and  the  intensity  of  A.H/R 
weakened.  We  found  that  the  former  is  due  to  the  creation  of  compensation  centers 
and  the  latter  to  the  creation  of  recombination  centers,  both  caused  by  plasma  process¬ 
ing.  These  are  discussed  in  the  following  section. 


Figure  2  Reduction  of  plasma  damage  Figure  3  Franz-Kerdysh  Oscillation 

by  high-intensity  laser  irradiation.  before  and  after  plasma  irradiation 

Compensation  center  creation 

Figure  4  shows  the  irradiation  time  dependence  of  the  surface  electric-field 
strength.  Here,  the  electric-field  strength  Fwas  calculated  using  the  expression  derived 
by  Aspnes  and  Studna.®'  The  initial  electric-field  strength  off  30  kV/cm  rapidly  de¬ 
creased  to  30  kV/cm  within  10  sec.  then  gradually  decreased  to  20  kV/cm.  The  surface 
electric-field  is  expressed  by 

F^(2Vgq(N^-N^/t^^'^.  (1) 

where  V-  is  the  surface  potential,  Cg  is  the  dielectric  constant,  q  is  the  elemental 
charge,  and  Wj,  and  are  the  donor  and  acceptor  impurity  concentrations,  respective- 


163 


ly.  In  the  present  case,  N,  is  the  plasma-induced  compensation-center  concentration. 
Based  on  tq.  (1 ),  N„-N.  was  escalated  and  plotted  in  Flo.  4.  Here,  a  change  in  V-  did 
not  significantly  affect  .  Figure  4  snows  that  about  10^^  cm'^  compensation 

centers  were  created  witnin  10  sec.  Charge  compensation  was  evaluated  by  using  the 
capMitance-voltage  characteristics  of  Au  Schottky  diodes  fabricated  on  the  plasma- 
irradiated  sample  surfaces.  These  results  are  also  shown  in  Rg.  4.  This  shows  that  PR 
is  even  more  surface-sensitive  than  evaluation  using  Schottky-diode  diaracteristics. 


Plasma  irradiation  time  (sec) 

Figure  4  Reduction  in  surface  electric 
fieW-strength  by  plasma  irradiation. 


0  20  40  60  80  100  120 

Plasma  irradiation  time  (sec) 


Figure  5  Reduction  in  AR/R  intensity 
by  plasma  irradiation. 


^pump  (biW/cm^) 


Figure  6  Dependence  of  Afl/fl  intensity  on  pumping  power  -  Effect  of  recombination 
centers. 
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Racombinatlon  cantar  cfeation 

Figure  5  shows  the  AA/f?  intensity  dependence  on  irradiation  time.  The  intensity 
was  measured  by  taking  the  peak  intensity  of  E,  transition.  The  AR/R  intensity  abruptly 
falls  to  4  %  during  first  5  sec.  then  gradually  recovered.  The  PL  intensity  decreased  to 
72  %  and  no  recovery  was  observed.  This  indicates  that  PR  is  much  more  sensitive 
than  PL.  This  is  because  PR  only  measures  the  region  with  a  high  electric  field  located 
close  to  the  sample  surface  whereas  PL  measures  luminescence  from  the  flat  band 
region  located  deep  in  the  bulk.  However,  it  is  not  clear  what  is  characterized  by  ^R/R 
intensify. 

the  AR/R  intensify  should  be  proportional  to  the  potentifU  difference  A  between 
the  Fermi  level  and  the  quasi-Fermi  level  because  of  excess  carriers  in  the  sub-surface 
layer  excited  by  modulated  pump  laser  in  sub-surface  layer.  Since  steady-state  excess- 
carrier  concentration  is  expressed  by  the  product  of  the  carrier-generation  rate  G  and 
the  recombination  lifetime  x.  At^is  preliminarily  shown  by 


AV:^kgT/qln{A(1  -fGx)} 


G^BP. 


pump 


T-'=X.-'+X, 


(2) 

(3) 

(4) 


where  kg  is  the  Boltzmann  constant,  Tis  temperature,  is  the  pumping-laser 
power,  and  A  and  B  are  constants.  Here,  the  effects  of  the  probe  beam  and  reduction 
of  photo-excited  carriers  by  drift  and  diffusion  are  implicitly  included  in  A  and  B.  The 
expression  shown  above  should  hold  in  the  low-field  regime  of  a  fully  depleted  space- 
charge  region.  Figure  6  shows  the  AA^'R-intensify  dependence  on  the  pumping  F»wer, 
based  on  tqs.  (2)  and  (3). 

The  experimental  data  are  also  shown  in  Fig.6.  These  data  were  obtained  (a) 
after  10  sec.  of  plasma  irradiation  and  (b)  without  irradiation  are  well  explained  by  Eqs. 
(2)  and  (3).  It  is  clear  that  plasma  irradiation  reduced  recombination  lifetime  by  three 
orders  of  magnitude.  The  detailed  analysis  will  be  reported  elsewhere. 


DiacuMlon 


In-situ  PR  diagnostics  dire  elective  for  investigating  plasma-induced  damage. 
Based  on  the  new  phenomer  a  observed,  the  nature  and  behavior  of  damage  are  de¬ 
scribed  as  follows. 


Nature  of  damage 

Recombination  centers  were  abruptly  created  within  5  sec.  of  plasma  irradiation 
then  gradually  decrease  in  number  with  continued  plasma  irradiation.  In  contrast, 
compensation  centers  were  created  after  10  sec.  and  accumulated  to  make  the  sample 
semi-insulating  with  continued  irradiation,  as  shown  in  Fig.  5.  These  kinetic  differences 
suggest  that  recombination  centers  are  different  from  compensation  centers.  This  is 
also  supported  by  our  previous  experiment;  we  studied  the  annealing  kinetics  of 
compensation  centers  and  found  that  the  diffusivity  was  high  even  at  room 
temperature."  In  contrast,  recombir>ation  centers  were  not  fast  diffusers. 


Behavior  of  damage 

Recombination  centers  and  compensation  centers  were  both  rapidly  created 
within  10  sec.  of  plasma  irradiation.  This  rapid-creation  mechanism  is  not  understood 
well,  but  the  creation  is  probably  related  to  the  initial  etching  st^e.  For  example,  there 
will  normally  be  a  thin  native  oxide  layer  on  the  sample  surface,  even  if  the  surface  is 
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treated  with  HCI  to  remove  the  layer.  This  may  Induce  electrical  breakdown  at  the  very 
beginning  of  plasma  irradiation.  However,  to  fully  understend  what  is  happening  during 
such  phenomena,  we  should  clarify  what  is  the  most  fundamental  cause  of  damage 
introduction.  Since  plasma  consists  of  photons  as  well  as  ions,  electrons  and  radicals, 
the  circumstances  are  complicatsd.  The  first  question  is  what  is  responsibie  for  creating 
damage.  For  example,  plasma  luminescence  intensity  instantaneously  increases  after 
plasma  generation.  Sucn  transience  peculiar  to  plasma  generation  may  influence  the 
anomalous  creation  of  both  centers. 

Second,  what  causes  the  decrease  of  recombination  centers?  Temperature 
elevation  ar)d  removal  of  the  sub-surface  during  plasma  irradiation  might  be  the  motive 
forces.  As  mentioned  above,  compensation  centers  created  by  plasma  irradiation  are 
mobile  even  at  room  temperature  but  recombination  centers  are  not.  Thus,  temperature 
elevation  should  enhance  in-duffusion  of  compensation  centers  to  the  bulk,  while 
recombination  centers  still  stay  in  the  very  sub-surface  laysr-  ft  is  recentiy  clarified  that 
plasma  luminescence  enhances  in-diffusion  of  compensation  centers  as  well^>.  Thus, 
etching  off  the  sub-surface  layer  can  reduce  the  number  of  recombination  centers 
created  by  plasma  irradiation  but  compensation  centers  diffuse  in  and  accumulate.  This 
is  one  explanation  for  the  observed  anomaly.  Further  studies  are  definitely  needed. 
However,  it  is  clear  that  the  physics  and  chemistry  of  damage  in  semiconductors  are 
among  the  most  important  areas  of  materials  science  and  engineering,  tn-situ  diagnos¬ 
tics  will  be  a  key  issue. 

Summary 

Photoreflectahce  spectroscopy  (PR)  was  successfully  used  to  make  in-situ 
diagnostics  of  sub-surface  damage  behaviors  during  Ar-plasma  etching  of  n-type  GaAs. 
The  in-situ  PR  diagnostics  revealed  the  following  anomalous  dams^  behavior  during 
an  early  stage  of  plasma  etching:  an  abrupt  decrease  in  the  surface  electric-field 
strength  and  an  abrupt  decrease  then  graduai  recovery  in  AfW  intensity.  The  decrease 
in  electric  field  strength  indicates  that  acceptor-like  defects  with  a  concentration  of  more 
than  1  X  10^'  cm'3  are  created  at  the  very  beginning  of  the  plasma  etching.  The  ch 
ange  in  AR/R  intensity  shows  recombination  center  creation.  The  Afl/R  intensity  is 
expressed  by  using  recombination  lifetime,  which  qualitatively  reproduces  such  an 
abn^  decrease,  me  recovery  of  the  intensity  suggests  that  recombination  centers  are 

Sradually  removed,  possibly  due  to  temperature  elevation  or  due  to  etching  of  the 
amaged  layer.  It  is  also  shown  that  photoluminescence  PL  is  not  as  surface-sensitive 
as  PFT  presumably  because  the  PL  process  is  dominated  by  recombination  in  a  deeper 
region  where  damage  is  not  severe.  In-situ-PR  diagnostics  is  the  first  method  to  pro¬ 
vide  detailed  findings  on  new  damage  behavior  during  Ar-plasma  etching. 
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ABSTRACT 

Reactive  ion  etching  (RIE)  of  p-type  2-3  Qcm  resistivity  silicon  (100)  was  characterised  using 
Photoreflectance  (PR),  Rutherfo^  Backscattering  Spectrometry  (RBS)  and  Spectroscopic 
Ellipsometry  (SE).  Isochronal  (S  minutes)  etching  was  performed  at  various  DC  etch  biases  (0- 
SOOV)  using  a  SiCl4  etch  chemistry.  The  substrate  etch  rate  dependence  on  applied  bias  was 
determined  using  mechanical  profllometry.  A  distinct  shift  in  the  Aj-A,  Si  transition  and 
significant  spectral  broadening  of  the  room  temperature  PR  spectra  was  obseri^  as  a  function  of 
etch  bias.  Photoreflectance  results  are  correlated  with  RBS,  SE  and  etch  rate  analysis.  It  is 
demonstrated  that  the  PR  spectra  reflect  a  complex,  competitive,  plasma-surface  interaction 
during  the  RIE  process. 


1 ,  INTRODUCTION 

Reactive  ion  etching  (RIE)  techniques  will  be  applied  extensively  in  fabrication  of  deep 
submicron  Si  CMOS  technologies  in  order  to  achieve  the  highly  anisotropic  etch  profiles 
required.  However,  due  to  the  fine  geomet^  processes,  increasingly  precise  control  of  etch 
sdectivity,  etch  rate  and  minimisation  of  etch  induced  lattice  damage  will  be  necessary. 

Recently,  several  laser  based  characterisation  techniques  have  been  proposed  for  process  control 
monitoring  of  dry  etch  induced  damage.  These  include  photothermd  radiometry  [1],  modulated 
optical  reflectance  [2]  and  photoreflectance  [3,4].  The  photoreflectance  probe  in  particular 
appears  to  be  a  potentially  powerful  diagnostic  tool  due  to  its  sensitivity  to  interband  transitions. 
However,  very  Uttle  woric  has  been  performed  to-date  on  PR  characterisation  of  dry  etch  induced 
damage  in  silicon  [3]  and  in  particular  on  correlation  of  PR  with  conventional  analysis 
techniques.  This  is  essential  in  oider  to  gain  acceptance  of  the  technique  within  a  microelectronic 
processing  environment  In  this  paper,  PR  is  applied  to  the  characterisation  of  SiCU  RIE  of 
silicon  with  PR  experimental  data  correlated  to  Rutherford  Backscattering  Spectrometry  (RBS) 
and  Spectroscopic  Ellipsometry  (SE)  analysis. 


2.  EXPERIMENTAL 

Single  crystal  CZ  p-type  (B  doped)  Si  (100)  wafers  of  resistivity  2-3  Gem  were  employed  in  this 
study.  IsMhronal  (Smin)  reactive  ion  etching  (RIE)  was  performed  in  an  Oxford  Instruments 
Plasmatech  RIE-80S  parallel  plate  diode  chamber  at  DC  etch  biases  in  the  range  0-500V  using  a 
SiCUetch  chemistry.  The  partial  pressure  of  SiCUwas  TmTorr.  The  RIE  etch  rate  was 
determined  using  a  Tencor  mechanical  profilometer. 

A  schematic  of  the  experimental  PR  arrangement  is  detailed  in  Figure  1.  The  light  source  was  a 
ISOW  Xenon  lamp.  A  double  scanning  monochromatOT  arrangement  was  employed  to  probe  the 
photon  energy  range  from  3.0  to  3.7eV  at  7meV  resolution.  The  incident  probe  beam  spot  size 
was  2xlmm  at  45°  angle  of  incidence.  The  modulation  source  was  a  700Hz  mechanically 
chopped,  80mW  Ar.ion  laser  with  a  2mm2  spot  size.  A  UV  enhanced  Si  photodiode  was  used  to 
iec(^  the  reflected  light  intensity.  All  measurements  were  performed  at  room  ternperamre  (RT). 
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Figure  1.  Schematic  of  the  PR  experimental  arrangemenL 


The  ciystalline  quality  of  the  near  surface  Si  substrate  after  RIE  processing  was  quantified  using 
channelling  RBS.  The  beam  spot  size  was  Imro  in  diameter.  Measurements  were  performed 
using  a  1.S  MeV  ^He  beam  at  a  scattering  angle  of  160° 

EUipsometry  was  performed  over  the  energy  range  from  2.0eV  to  4.5eV  at  0.02eV  intervals 
using  a  phase  modulated  SE  at  an  angle  of  incidence  of  70°.  The  lateral  resolution  was 
approximately  Sx2mm. 


3.1  3.2  3.3  3.4  3.5  3.6  3.7  3.8 

Photon  Energy  (eV) 


Figure  2.  Photoreflectance  spectra  of  the  SiCU  etched  Si  substrates  for  the  different 
isochronal  etch  biases  {0-500V). 
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3.  RESULTS  AND  DISCUSSION 

The  experimental  m  spectra  from  the  series  of  RIE  etched  Si  substrates  and  the  reference 
substrate  are  presented  in  Figure  2.  The  Si  (Ei)  Aj-Ai  transition  [5}  is  clearly  evidmit  in  each 
spectrum  in  the  region  of  3.3eV  to  3.4eV. 


3  3.1  3.2  3.3  3.4  3.5  3.6  3.7  3.8 

Photon  Energy  (eV) 


Figure  3.  Experimental  and  best  fit  ( — ■)  calculated  PR  spectra  for  some  of  the  SiCL)  etched 

samples. 


As  the  PR  lineshapes  were  found  to  be  independent  of  the  pump  source  intensity,  the  spectra 
were  fitted  using  an  Aspnes  third-derivative-functional-form  (TDFF)  low  field  approximation  of 
the  dielectric  function,  corresponding  to  a  two  dimensional  critical  point  [6].  Figure  3  presents 
typical  experimental  and  best  fit  ( — )  calculated  PR  specua  for  the  RIE  samples.  The  results  are 
tabulated  in  Table  I.  Three  distinct  observations  can  be  made;  firstly  that  an  apparent  shift  in  the 
PR  Si  El  transition  is  observed  as  a  function  of  applied  RIE  bias,  secondly  that  for  all  etched 

samples  a  significant  increase  in  the  phenomenlogical  broadening  (F)  parameter  is  observed  over 
that  of  the  unetched  reference  and  thirdly  that  the  2(X)V  bias  sample  has  the  same  E]  transition 
peak  position  as  the  reference  wafer. 


Table  I.  Elxtracted  PR  line  shape  parameters  obtained  from  a  TDFF 
best  fit  to  the  experimental  PR  spectra 


Sample 

El  Transition 
(eV) 

Broadening  (T) 
(meV) 

Phase  (0) 
(degree) 

Strain  (e) 
(%) 

Si  reference 

3.396  (±0.004) 

70 

105 

SiCL*  150V 

3.415  (±0.004) 

165 

35 

-0.1371 

SiCL,  200V 

3.396  (±0.004) 

145 

290 

- 

SiCL,  300V 

3.393  (±0.004) 

140 

295 

0.0217 

SiCl4400V 

3.360  (±0.004) 

170 

280 

0.2589 

SiCL,  500V 

3.355  (±0.004) 

130 

357 

0.2958 
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The  SiCU  chemistry  RIE  etch  rate  as  a  function  of  applied  voltage  bias  was  determined 
experimentally  using  mechanical  profilometry  on  pattoited  substrates.  This  relationship  is 
presented  graphically  in  Figure  4.  It  is  observed  that  no  pronounced  material  removal  occurs 
below  2CI0eV. 

Figure  5  presents  ^ical  RBS  cbatmelling  spectra  for  the  RIE  etched  samples.  The  surface 
dimage  layer  was  characterised  by  integrating  the  silicon  surface  yield  and  al^  integrating  the 
chlorine  surface  peaks  (not  shown  in  the  energy  window  of  Figure  5)  as  a  function  of  etch  bias. 
Table  II  summaries  the  REE  induced  displac^  Si  atom  areal  densi^  (relative  to  the  reference 
sample)  along  with  the  Cl  atom  density. 


Figure  5.  RBS  chatmeling  spectra  for  the  ref,  300V,  400V  and  500V  SiCU  REE  samples. 
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The  RBS  data  in  Table  n  shows  a  distinct  increase  in  total  RIE  induced  lattice  damage  as  a 
function  of  increasing  applied  bias  voltage.  In  addition  it  is  noted  that  the  200eV  sample  has  no 
detectable  RIE  induced  crystalline  disorder  compared  to  the  unetched  reference.  Both 
observations  are  consistent  with  the  PR  sp^tra  and  extracted  lineshape  parameters  detailed  in 
Table  I.  The  increase  in  Cl  incorporated  in  the  surface  damaged  region  above  200eV  is  in 
agreement  with  the  etch  rate  studies  petf(»med  and  consistent  with  the  increasing  volatility  of  the 
cMorine  as  the  etch  energy  and  thus  etch  temperature  increases  [7]. 


Table  II.  RIE  induced  lattice  disorder  as  determined  using  RBS 


Sample 

Displaced  Si  atom  density 
(10*Vcm2) 

Cl  atom  density 
(lO'VcmZ) 

Si  reference 

SiCU  150V 

8(±1) 

12.0  (±5) 

SiCU  200V 

1(±1) 

18.0  (±5) 

SiCU  300V 

5(±1) 

21.0  (±5) 

SiCU  400V 

7(±1) 

33.0  (±5) 

SiCU  500V 

12  (±1) 

45.0  (±5) 

The  increase  in  the  broadening  parameter  for  the  etched  substrates  is  in  agreement  with  etch 
induced  carrier  scattering  mechaiiisms  [3].  The  relative  independence  of  this  parameter  with  etch 
bias  is  consistent  with  die  emergence  of  the  chemical  component  of  the  etch  above  150V,  as 
detailed  in  Table  Q,  which  is  insensitive  to  the  ion  extraction  voltage  [7]. 

As  no  splitting  is  observed  in  the  RT  PR  silicon  E)  transition  (assuming  band  splitting  to  be 
unresolved  with  an  energy  separation  below  r/2)  the  PR  spectra  were  Htted  using  a  single 
oscillator  model.  One  hypothesis  therefore  proposed  to  account  for  the  red  shift  detailed  in  the 
transition  energy  data  in  Table  I,  for  the  etched  samples  above  200V  is  the  presence  of  a 
hydrostatically  strained  near  surface  silicon  region  which  is  assumed  to  originate  from  the 
hydrostatic  component  of  a  two-dimensional  tensile  strain  e,  in  the  plane  perpendicular  to  the 
<100>  direction  [3].  The  origin  of  this  tensile  stress  is  perhaps  due  to  the  creation  of  vacancies 
during  the  etch  as  the  red  shift  scales  with  damage  layer  thickness  as  determined  from  RBS 
analysis.  Using  an  appropriate  expression  for  hydrostatic  strain  [5],  the  strain  (e)  was  calculated 
for  each  etch  bias  and  is  presented  in  Table  1. 

The  significant  change  in  the  PR  spectral  lineshape  as  illustrated  by  the  PR  phase  factor  e,  for 
etches  above  ISOV,  is  however  indicative  of  a  change  in  the  fundamental  mechanism  of  the 
generation  source  for  the  PR  feature  [8).  An  alternative  physical  explanation  of  the  apparent  red 
shift  for  these  samples  may  therefore  be  the  existence  of  a  RIE  induced  shallow  trap  at  the  Si 
surface.  Despite  the  increasing  presence  of  chlorine  in  the  etched  substrates,  as  the  etch  bias  is 
driven  above  200V,  it  is  unlikely  that  the  chlorine  contributes  to  the  trap  states  since  it  remains 
electrically  and  optically  inactive  [9].  It  is  more  likely  that  the  etch  induced  trap  states  are 
correlated  with  the  density  of  displaced  silicon  atoms,  winch  is  similarly  dependent  upon  the  etch 
bias  [9]. 

The  apparent  blue  shift  (19meV)  in  the  E|  transition  peak  for  the  ISOV  etch  PR  spectrum  is 
indicative  of  a  compressively  strained  Si  surface  layer  [10].  This  is  consistent  with  injection  of 
impurities  into  the  Si  lattice  and  reflects  a  pre-steady-state  etch  situation  where  the  injection  of 
defects  and  their  subsequent  removal  are  not  balanced.  This  is  supported  by  the  mechanical 
profilometry  etch  rate  measurements  shown  in  Figure  4,  which  show  that  less  than  SOA  of  Si 
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material  is  removed.  Above  this  applied  bias  it  is  proposed  that  etching  of  the  substrate  will 
remove  the  majority  of  such  impianied  impmities. 


Figure  <S.  The  imaginary  part  of  the  pseudo-dielectric  fiinctimi  for  each  isochronal  etch  bias. 


Figure  6  details  the  imaginary  part  of  the  experimentally  determined  pseudo-dielectric  function 
for  the  RIE  series  of  samples.  Both  the  E|  and  Er  Si  peaks  are  observable  at  approximately 
3.4eV  and  4.2eV  respectively.  Two  trends  are  evident  in  the  SE  spectra;  the  red  shift  in  the  Ei 
pet^  and  the  reduction  in  the  ^  peak  intensity,  both  as  a  function  of  increasing  etch  bias.  This  is 
indicative  of  increased  lattice  disorder  [11]  and  the  data  have  been  Otted  using  a  simple  two  layer 
optical  damage  model  as  illustrated  in  Figure  7.  The  results  clearly  show  an  increase  in  the 
surface  damage  layer  thickness,  modelled  as  an  amorphous  silicon  layer  (a-Si),  with  etch  bias 
above  300V.  The  extracted  displaced  silicon  atom  density  from  the  SE  spectra,  obtained  from  the 
layer  thicknesses  and  assuming  both  a  SiOj  density  of  bxlO^Vcm^  and  a  Si  density  of 
SxlO^cm^  are  in  good  agreement  with  the  RBS  data  presented  in  Table  n. 


Sample 

Damage  layer  ibiclaiess 

(A) 

Oxide  tbickness 

(A) 

Displaced  Si  atom 
density  (lO'^Amf ) 

Si  Ref. 

0 

16.21 

0 

SiCblSO 

0 

48.54 

6.5 

SiCVTOO 

0 

29.06 

2.6 

SiCI«300 

2.96 

30.53 

4.4 

SiCV400 

8.29 

31.29 

7.1 

Sia4S00 

14.40 

34.78 

10.1 

Figure  7.  Spectroscopic  ellipsometiy  model  employed  for  the  determination  of  the  displaced 
Si  atom  density  from  the  extracted  damage  layer  and  oxide  layer  thicknesses  for 
each  of  the  isochronal  RIE  samples  (O-SOOeV). 
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4.  CONCLUSIONS 

A  series  of  isochronal  SiCl4  RIE  etched  Si(IOO)  substrates  have  been  characterised  using  PR, 
RBS  and  SE,  with  the  substrate  etch  rate  dependence  on  applied  bias  determined  by  mechanical 
profilometry.  Both  SE  and  RBS  channeling  analysis  detail  increasing  lattice  disorder  as  a 
function  of  increasing  applied  etch  bias. 

The  PR  spectra  reflect  a  complex,  competitive,  plasma-surface  interaction  RIE  process.  Above 
200V,  the  etch  rate  is  such  that  the  predominant  mechanism  is  removal  of  material.  The  red  shift 
observed  in  the  PR  spectra  is  consistent  with  the  generation  of  a  near  surface  (100 A)  tensile 
stress  perhaps  arising  from  the  creation  of  vacancies  during  this  etch  process  or  with  the 
generation  of  etch  induced  shallow  trap  states.  Below  200V,  other  competitive  plasma  effects 
dominate,  in  particuVa-  the  injection  of  impurities  into  the  silicon  lattice.  This  is  reflected  in  the 
observed  blue  shift  the  150V  PR  spectrum. 

Further  work  is  in  progte.ss  to  verify  the  above  hypothesis  using  both  channeling  RBS  and  low 
temperature  photoluminescence  studies. 
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ABSTRACT 

We  have  investigated  IR  reflectance  spectra  of  semiconductor  structures 
consisting  of  up  to  5  epitaxial  GaAs/GaAlAs  layers  on  GaAs  wafer,  diffused  and 
implanted  profiles  in  Si  wafers  to  find  the  semiconductor  structures  parameters. 

INTRODUCTION 

Nondestructive  characterization  of  semiconductor  multilayer  structures  is  an 
important  step  in  the  fabrication  of  semiconductor  devices.  Infrared  (IR) 
reflectance  spectrum  of  semiconductor  surface  contain  information  specific  for  each 
semiconductor  lattice.  IR  reflectance  spectrum  also  depends  on  the  free  charge 
carriers  concentration  and  their  mobility.  IR  reflectance  spectrum  of  multilayer 
semiconductor  structure  have  rather  complex  form  due  to  the  interference 
depending  on  the  thickness  of  the  layers.  So  one  can  extract  the  values  of  the 
semiconductor  structure  parameters  from  the  IR  reflectance  spectrum. 

Such  a  procedure  is  well  known  for  a  bulk  semiconductor  and  was  also 
applied  for  GaAs  wafer  with  one  •  and  two  ^  epitaxial  layers.  Bulk  semiconductor 
free  charge  carriers  concentration  can  be  easily  found  from  the  IR  reflectance 
spectrum  minimum  wavenumber.  The  definition  of  multilayer  semiconductor 
structure  parameters  needs  more  complicated  computer  simulation  techniques. 

In  this  work  IR  reflectance  spectra  of  GaAs/AIGaAs  structures  consisting  of 
up  to  5  epitaxial  layers  on  GaAs  wafer,  inhomogeneously  doped  Si  wafers  have 
been  measured.  Model  spectra  have  been  constructed  and  compared  with  measured 
ones.  The  fitting  procedure  gives  the  layer  thickness,  the  free  charge  carriers 
concentration  and  the  mole  fraction  of  AlAs  in  AlGaAs  in  each  epitaxial  layer, 
free  charge  carriers  concentration  distribution  in  diffused  and  implanted  Si  wafers. 

EXPERIMENTAL 

Bruker  IFS-113V  Fourier  transform  spectrometer  is  used  for  IR  reflectance 
spectra  measurements  in  50-5000  cm'  wavenumber  band.  Spectral  resolution  is  2 
cm  '.  IR  beam  diameter  is  5  mm,  incidence  angle  equals  5  degrees,  IR  beam 
divergence  is  about  2  degrees.  Evaporated  gold  mirror  is  used  for  reference  beam 
calibration.  The  IR  spectra  measurement  accuracy  is  about  1  %. 

SPECTRUM  SIMULATION 

We  simulate  IR  reflectance  spectrum  for  any  layered  structure  using  Abeles 
matrix  method  ^ 

The  dielectric  permittivity  of  a  semiconductor  e  is  a  sum  of  the  lattice  ci. 
and  the  free  charge  carriers  cc  fractions.  For  silicon  the  lattice  dielectric 
permittivity  may  be  set  equal  to  its  static  value  11.7,  while  in  the  polar  crystal 
A/xGa^-xAs  it  is  a  function  of  a  mole  fraction  x  and  exhibits  strong  frequency 
dispersion.  It  is  calculated  in  two  oscillator  model 
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Vl^  -  Vt2* 


vLi*  -  vn* 

«l(v)  =  ei  +  -  + 

Vn*  -  V*  +  iv  n  Vr2*  -  v*  +iv  r2  (1) 

were  v  is  a  wavenumber,  «i=10.S9-2.73x,  vi,i=292-53x-K).15x*  cm'*,  vn=268-52x-0X)9x^ 
cm-i,  vl2=359+71x-027x2  cm-»,  vn=35944.4x-0D2x*  cm'*,  ri=0.03vn,  r2=0j06vn  .  We 
also  add  imagmary  part  of  ci.  corresponding  to  the  multiple  tmtical  phonon 
absorption  in  GaAS  wafer  at  wavenumbers  450  and  520  cm'*,  which  was 
determined  experimentally. 

The  free  charge  carriers  fraction  of  the  dielectric  permittivity  is  supposed  to 
be  a  function  of  a  wavenumber,  carriers  concentration,  effective  mass  and  carriers 
collision  frequency  according  to  the  Drude  modeH; 

N-e2 

«c(v)  - - 

3.14m*- v(v+ivc)  (2) 

N  being  free  charge  carriers  concentration,  e  -  electron  charge,  m’  -  effective 
charge  carriers  mass,  vq  -  charge  carriers  collision  frequency.  We  use  effective 
mass  values  m«‘  =  027mo,  mi,*  =  036mo  for  electrons  and  holes  in  Si  *  and  m**  = 
(0.07-K).0&>mo,  nth'  =  (0.4-f0.6x)nKi  for  electrons  and  holes  in  AIGaAs  composition 

5_ 

Charge  carrier  collision  frequency  vc  depends  on  the  wavenumber  and 
carriers  concentration.  We  use  for  vc  the  empirical  formula  (compare  with  *•♦); 


ve(v)  =  f(v>MAX(l  ,  0.571O’SQRT(N))  (3) 

with  the  function  f(v),  different  for  electrons  and  holes,  found  experimentally  from 
the  IR  absoiption  spectra  of  the  material.  The  influence  of  t(v)  on  the  final 
results  is  small,  so  one  can  use  very  rough  model  for  f(v). 

We  have  neglected  the  dependence  of  optical  eifective  mass  on  carriers 
concentration  and  the  light  holes  dielectric  permittivity  fraction  in  AIGaAs. 

FITTING  PROCEDURE 

The  layer  thickness  d,  mole  fraction  x  of  ALAs  in  GaAlAs  and  charge 
carrier  concentration  N  are  used  as  fitting  parameters.  Starting  from  some  (rather 
intuitive)  set  of  parameters  d,  tf,  x  for  each  semiconductor  layer  we  calculate  the 
complex  dielectric  permittivity  of  each  layer  and  the  reflectance  spectrum  of 
multilayer  structure. 

Then  we  compare  the  measured  and  simulated  IR  reflectance  spectra  and 
iterate  for  the  best  agreement  between  them.  Minimum  root  mean  squares  (RMS) 
diftcrence  between  simulated  and  measured  spectra  is  chosen  as  a  criteria.  The 
minimisation  is  performed  Ity  the  combination  of  Newton  method  for  each 
parameter  and  gradient  dissent  method. 

The  starting  set  of  parameters  is  strongly  effect  the  computation  time.  It  is 
determined  from  the  characteristics  features  of  a  spectrum.  The  number  of 
spectrum  points  extends  from  20  to  200.  The  number  of  layers  is  restricted  by  a 
dramatic  mcrease  of  the  computation  time. 

The  above  program  is  realized  on  IFS-113V  spectrometer  computer  using 
FORTRAN,  so  the  simulated  spectra  can  then  be  processed  by  any  spectrometer 
peripheral.  The  fitting  procedure  takes  from  some  minutes  for  one  layer  structure 
to  some  hours  for  five  layers  structure. 
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RESULTS 


GaAs  epitaxial  structures 


Fig.l  shows  the  measured  IR  reflectance  spectrum  of  an  epitaxial  n*-n-n- 
GaAs  structure  (curve  1)  and  the  simulated  one  (curve  2).  The  RMS  difference 
equals  29%.  Fig  2  shows  the  fitted  electrons  concentration  proHle  (bar  curve  1) 
and  the  C-V  profiling  of  this  structure  (marker  curve  2). 
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The  results  coincide  within  the  accuracy  of  both  methods.  The  IR 
reflectance  method  does  not  permit  to  measure  small  charge  carriers  concentrations 
(less  than  10'*  cm-^)  and  interlayers  fine  structure.  However  this  nondestructive 
method  gives  more  precise  layers  thickness  values  what  is  inherent  to  optical 
methods. 


AlGaAs  epitaxial  structures 

IR  reflectance  spectrum  for  complex  structure  containing  4  epitaxial  layers 
on  GaAs  wafer  have  been  simulated  in  three  bands  of  5000-2000  cm  ',  2500-400 
cm-'  and  450-50  cm  ',  separately. 

The  sample  consists  of  a  n-type  GaAs  wafer  with  N=510'’  cm-^,  18.7 

microns  n-type  GaAs  with  N  less  then  10'*  cm-^  130  microns  p-type  Alo82GaoiKAs 
with  N=410'*  cm-3,  027  microns  p-type  Alo.ioGao.wAs  with  N=410'7  cm-^,  0.67 

microns  p-type  GaAs  with  N=810'*  cm-^. 

The  measured  (curves  1)  and  simulated  (curves  2)  IR  reflectance  sjiectra  for 

the  above  bands  are  shown  in  Fig.  3-5  respectively.  The  first  band  spectrum  gives 

information  only  about  the  widths  d  and  the  AlAs  mole  fractions  x  for  two  cap 
AlGaAs  layers.  Supposing  these  values  known  we  have  found  the  other  layers 
widths  d  and  the  tree  carriers  concentrations  N  from  the  second  band.  The  third 
band  is  used  for  more  accurate  definition  of  the  whole  parameter  set. 

The  RMS  differences  between  simulated  and  measured  spectra  equal  1.02%, 
0.71%  5.5%  respectively.  The  fitted  mole  fractions  x  differ  less  then  2%  from 
those  measured  by  ESCA  method.  All  fitted  parameters  are  in  a  good  agreement 
with  the  delivery  specification.  Some  additional  discrepancy  between  the  simulated 
and  measured  spectra  in  450-50  cm  '  band  may  be  due  to  roughness  of  the  free 
charge  carrier  collision  frequency  vq  evaluation. 
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When  iisialyzing  the  continuous  profile  of  a  diffused  or  implanted  silicon 
wafer  we  have  approximated  it  by  a  number  of  layers  with  uniform  free  charge 
carriers  concentration. 

IR  reflectance  spectrum  of  a  diffused 
n^-n  Si  wafer  (curve  1)  and  the  simulated 
ones  for  5  uniform  layers  (curve  2),  3 
uniform  layers  (curve  3),  and  1  layer  (curve 
4)  are  shown  in  Fig  6.  The  free  electron 
concentration  approximation  step  functions 
for  5  (curve  IX  3  (curve  2X  1  (curve  3) 
layers  ^proximations  are  shown  in  Fig  7. 

Tne  RMS  differences  between 
simulated  and  measured  spectra  ^ual  0.6%, 
0.9%,  2.56%  respectively.  Further  increase  of 
the  number  of  approximating  layers  is 
restricted  by  the  inaccuracy  of  IR 
reflectance  spectra  measurements. 

The  calculated  surface  resistance  value  21.1 
Ohm  for  5  layers  approximation  is  in  a 
good  agreement  with  the  value  17J  Ohm 
„  .  measure  for  this  structure  by  the  4  probe 

1  2  3  D,  pk  method. 

Fig.  7 


The  simulated  step  profile  for  implanted  p+-p  Si  structure  is  shown  in  the 
Fig.  2  (curve  3).  The  RMS  between  simulated  and  measured  spectra  equals  0.21%, 
calculated  surface  resistance  value  23.9  Ohm,  the  measured  one  22  Ohm.  We  draw 
ones  attention  to  the  fact  that  the  simulation  procedure  gives  the  maximum  free 
charge  carriers  concentration  at  some  distance  from  the  surface  which  is  a 
characteristic  feature  of  any  implanted  structure. 

CONCLUSION 

IR  reflectance  spectroscopy  may  be  used  as  an  effective  instrument  for 
noninvasive  diagnostics  of  multilayer  semiconductor  structures. 
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ABSTRACT 

High  resolution  electron  beam  lithography  and  reactive  ion  etching  in  methane-hydrogen 
(CH4AI2)  plasmas  have  been  used  to  fabricate  InGaAs/InP  open  quantum  well  wires  (QWW) 
with  widths  ranging  from  200  to  40  nm  and  quantum  dots  (QD)  with  diameters  ranging  from 
600  to  100  nm.  Low  temperature  photoluminescence  (PL)  spectra  were  investigated  in  these 
nanostructures  as  a  function  of  excitation  intensity,  wire  width,  and  dot  diameter.  The  peak 
emission  of  the  dry-etched  40  nm  wires  is  shifted  to  higher  energies  by  about  2  meV  as 
compared  to  100  nm  wires.  This  "open  wire"result  is  consistent  with  results  reported  for  buried 
InGaAs/InP  wires  of  the  same  widdi.  The  blue-shift  of  the  PL  peak  reaches  10  meV  in  QDs  as 
their  diameters  decrease  to  100  nm.  The  magnitude  of  the  observed  blue  shift  in  the  QDs  is 
larger  than  the  blue-shift  predicted  on  the  basis  of  quantum  confinement  for  the  same  size  dots. 

INTRODUCTION 

Non-equilibrium  epitaxial  growth  techniques  allow  the  fabrication  of  layered 
semiconductor  heterostructures  with  tondgap  profiles  tailored  on  a  monolayer  scale  to  produce 
two-dimensional  (2D)  structures  such  as  quantum  wells  and  superlattices.  The  combination  of 
2D  growth  with  nanometer-scale  lateral  patterning  techniques  enables  the  fabrication  of  lower 
dimensional  mesoscopic  structures  such  as  quantum  wires  (ID)l  and  quantum  dots  (zero¬ 
dimensional).  Quantum  wires  and  dots  have  been  fabricated  from  layered  semiconductor 
quantum  well  heterostructures  by  a  variety  of  techniques^'^  in  the  past  decade.  In  most  cases, 
the  quantum  well  structure  is  patterned  by  high  resolution  optical  or  e-beam  lithography 
followed  by  dry  or  wet  etching,  impurity  induced  disordering,  or  selective  epitaxy.  The  optic^ 
and  electrical  properties  of  such  structures  are  often  dominate  by  the  effects  of  process-induced 
defects  on  the  lateral  surfaces  or  interfaces  (sidewall  effects).  For  example,  the 
photoluminescence  (PL)  efficiency  in  dry-etched  open  wires  and  dots  diminishes  significantly 
with  decreasing  lateral  dimension^,  making  it  difficult  to  observe  the  spectral  manifestations  of 
lateral  confinement  (e.g.  blue-shifts)  expected  in  these  nanostructures.  Furthermore,  for  those 
cases  in  which  blue-shifts  of  the  PL  peak  energy  position  have  been  reported  in  etched  wires 
and  dots,  the  observed  ulueshifts  can  be  much  larger  than  the  values  expected  from  theoretical 
calculations  of  lateral  confinement  based  on  the  physical  width  of  the  etched  wire 

structures2.8,9_ 


In  the  present  work,  the  interaction  between  the  effects  of  lateral  confinement  and  the 
effects  of  process-induced  defects  have  been  investigated  in  InGaAs/InP  nanostructures.  High 
resolution  electron  beam  lithography  and  reactive  ion  etching  (RIE)  in  methane-hydrogen 
plasmas  (CH4/H2)  have  been  used  to  fabricate  InGaAs/InP  open  quantum  well  wires  (QVW) 
with  widths  ranging  from  200  to  40  nm  and  quantum  dots  ((^D)  with  diameters  ranging  from 
600  to  100  nm.  The  peak  energy,  efficiency  and  lineshape  of  the  PL  in  these  dry-etched 
quantum  wires  and  dots  have  been  investigated  as  functions  of  wire  width,  dot  diameter  and 
excitation  laser  power.  The  results  show  a  blue-shift  of  PL  peak  energies  and  a  rapid  drop  in  PL 
intensity  in  QWWs  with  decreasing  wire  width  below  1(X)  nm.  The  magnitude  of  the  observed 
blue  shift  is  consistent  with  the  results  reported  for  buried  InGaAsAnP  wires  of  the  same  width. 
In  the  QDs  with  diameter  less  than  -100  nm,  the  PL  intensity  decreases  dramatically  and  the  PL 
peak  energies  exhibit  a  blue-shift  with  a  magnitude  much  larger  than  the  value  predicted  by 
theory  for  these  dot  sizes. 
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DESCRIPTION  OF  EXPERIMENT 

The  fabrication  procedure  for  the  nanostructures  investigated  in  the  pressent  work  is 
identical  to  that  describ^  in  our  previously  reported  studies  of  InGaAs/InP  QWWs  Wires 
and  dots  were  fabricated  from  a  lattice-matched  InGaAs/InP  single  quantum  well 
heterostructure  grown  by  metal-organic  vapor  phase  expitaxy  (MOVPE).  The  QW  structure 
consisted  of  a  200  nm  InP  buffer  layer  grown  on  a  semi-insulating  InP  substrate,  followed  by  a 
S  nm  InGaAs  quantum  well  layer  and  a  20  nm  InP  barrier  (cap)  layer.  Samples  were  first  coated 
by  plasma-enhanced  chemical  vapor  deposition  (PECVD)  with  a  40  nm  layer  of  Si02,  and  then 
|»ttemed  by  high  resolution  electron  be^  lithography,  followed  by  a  30  nm  Ti  evaporation  and 
lift-off.  The  Ti  mask  pattern  was  transferred  into  Si02  by  CHF3  RIE  dry  etching.  Finally,  open 
quantum  wires  were  defined  by  a  CH4/H2  RIE  to  a  depth  of  SO  nm  through  the  InP/InGaAs 
quantum  well.  The  masking  materials  were  removed  by  wet  etching  with  buffered  hydrofluoric 
acid  (HF). 


Fig.  1  (a)  SEM  micrography  for  60  nm-wide  InGaAs/InP  quantum  well  wires;  (b)  SEM 
micrography  for  340  nm  diameter  quantum  dots. 
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Rgure  la  shows  a  SEM  micrograph  of  40  nm-wide  wires,  which  have  been  patterned 
with  600  nm  periodicity  and  etched  to  a  <^th  of  SO  nm.  Figuie  ib  shows  a  SEM  micrography 
of  340  nm  diameter,  which  have  been  patterned  with  400  nm  periodicity  and  etched  to  a  depth 
of  SO  nm.  For  each  QWW  width  or  QD  diameter,  an  array  of  wires  or  dots  is  patterned  and 
etched  within  a  60  ^m  x  60  lun  field.  For  reference,  non-etched  QW  control  mesas  were  also 
reserved  on  the  sample.  The  sample  was  cooled  to  S  K  in  a  variable  temperature  liquid  helium 
cryostat,  and  PL  was  excited  by  separately  illuminating  each  field  of  wires  or  dots  with  S14.S 
nm  Ar'*'  laser  light  which  was  meclunically  chopped  at  80  Hz.  PL  spectra  were  analyzed  by  a  1 
m  focal  length  single  grating  monochromator  and  detected  with  a  77  K  Ge  pin  photo^ode  and  a 
lock-in  amplifier. 

RESULTS  AND  DISCUSSION 

Our  previous  studies^O  of  QWWs  demonstrated  that  many  factors  which  are  unrelated  to 
quantum  confinement  or  reduced  dimensionality  can  influence  the  efficiency  and  spectral 
distribution  of  the  PL.  Phenomena  which  will  broaden  the  high  energy  portion  of  the  PL 
spectra  with  increasing  excitation  intensity  include  band  filling  in  k-space,  the  flattening  of  band 
bending  at  sidewall  interfaces'^,  and  recombination  in  the  narrower  segments  of  QWWs.  In 
contrast,  the  high  electron-hole  plasma  (EHP)  densities  achieved  at  high  excitation  intensity  can 
induce  a  pronounced  red-shift  of  the  low-energy  edge  of  the  emission  band  which  can  be 
attributed  to  the  effects  of  band  gap  renormalization  associated  with  many  body  effects  in  dense 
EHPs^^.  Therefore,  it  is  important  to  obtain  PL  spectra  from  different  samples  (wires  or  dots)  at 
constant  excitation  intensity,  and  ideally,  at  the  lowest  possible  excitation  intensity  in  order  to 
make  meaningful  comparisons  of  PL  peak  position  and  line  shape  for  nanostructures  of  different 
lateral  dimensions. 


0  50  100  150  200 

Wire  Width  (nm) 


Fig.  2  The  relative  peak  energies  of  PL  spectra  in  InGaAs/lnP  QWWs  as  a 
function  of  wire  width  at  S  K.  The  solid  symbols  represent  the  present  wires  under 
two  excitation  intensities.  The  open  symlwls  correspond  to  the  reported  data  from 
buried  wires  with  an  arbitrary  energy  shift. 
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Figure  2  shows  the  peak  energy  in  our  InGaAVInP  QWWs  as  a  function  of  wire  width. 
For  a  factor  of  -13  increase  in  excitation  intensi^  the  two  curves  are  displaced  by  about  2  meV 
in  peak  energy.  In  ad^tion,  both  curves  exhibit  an  apparent  blue-shift  as  the  wire  width 
decreases  below  100  nm,  reaching  a  shift  of  approximately  2  meV  for  the  40  nm  wires.  The 
magnitude  of  this  blue  shift  is  consistent  with  results  report^  for  buried  InGaAs/InP  wires^  of 
the  same  width  (shown  in  Fig.  2). 

Figure  3  shows  the  peak  energy  in  the  InGaAs/InP  QDs  relative  to  the  QW  peak  energy 
as  a  function  of  dot  diameter.  For  dot  ^ameters  larger  than  400  nm,  no  blue  shift  is  observed  in 
the  QDs.  However,  the  PL  spectra  exhibit  a  large  blue  shift  with  decreasing  dot  diameter  below 
240  nm,  teaching  a  value  of  about  10  meV  for  the  100  nm  diameter  dots.  This  10  meV  blue- 
shift  observed  in  the  100  nm  QDs  is  much  larger  than  the  3  meV  blue-shift  predicted 
theoretically  on  the  basis  of  quantum  confinement  for  this  dot  diameter.  Similar  behavior  has 
been  observed  in  PL  studies  of  dry-etched  open  GaAs/AlGaAs  and  InGaAs/InP  QWWs.  This 
apparent  discrepancy  has  been  attributed  by  previous  workers  to  a  variety  of  effects  including 
(i)  strain  relief  of  the  lattice  mismatch  between  the  well  and  the  barrier^;  (ii)  a  change  or 
transition  in  the  recombination  process  from  an  extrinsic  to  an  intrinsic  transition  as  the  wire 
width  or  dot  diameter  approaches  the  mean  distance  between  impurities^;  or  (iii)  an  optically 
inactive  layer  near  the  sidewalls  that  reduces  the  effective  quantum  confinment  size^. 


Dot  Diameter  (fim) 


Fig.  3  The  relative  peak  energies  of  PL  spectra  in  InGaAs/InP  QDs  as  a  function 
of  dots  diameter  at  S  K. 

More  recently  Gustafsson  et  al^  have  proposed  an  explanation  for  the  observation  of  the 
large  blue  shifts  in  QWWs  and  QDs  in  terms  of  the  shifts  of  the  PL  spectra  attributable  to 
monolayer  (ML)  fluctuations  in  the  QW  thickness.  Usually,  photoexcited  carriers  or  excitons  in 
a  QW  diffuse  laterally  from  the  thinner  to  the  thicker  (lower  effective  band  gap)  portions  of  the 
QW  layer  before  recombining  radiatively.  However,  these  workers  proposed  that  the  transfer  of 
excitons  from  the  thinner  portions  to  the  thicker  areas  within  a  single  QW  is  siginifcantly 
reduced  or  impeded  by  patterning  the  QW  layer  into  QWW  nanostructures.  The  PL  spectrum 
produced  by  carriers  constrained  to  recombine  in  thinner  portions  of  the  QW  would  be  blue- 
shifted  by  an  amount  commensurate  with  the  reduction  in  the  QW  thickness  (in  increments  of 
one  ML).  They  obtained  cathodoluminescence  (CL)  spectra  in  InGaAs/InP  QWWs  fabricated 
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from  QWs  with  thicknesses  of  3,  10  and  20  MLs  and  found  that  for  spectrally  unresolved  ML 
splittings  the  suppression  of  the  exciton  tranfer  in  QWWs  can  broaden  the  luminescence  peak 
and  shift  the  peak  to  higher  energies.  This  shift  could  be  misinterpreted  as  a  blue  shift  due  to 
lateral  quantum  conftnmenL  For  the  present  QWWs,  the  above  effect  apparently  does  not  play 
an  important  role,  since  the  observed  blue  shift  of  the  PL  from  the  40  nm  wires  is  not 
inconsistent  with  theoretical  predictions  based  on  quantum  confinement  effects. 

The  proposal  of  Gustafsson  et  al  should  be  equally  valid  for  the  case  of  a  QW  patterned 
into  QDs.  In  a  QW  mesa  or  larger  size  QD,  under  low  excitation  intensity  the  photo-excited 
carriers  within  the  thinner  areas  diffuse  to  the  thicker  portions  (lowest  band  gap)  before 
recombining.  If  the  QW  is  patterned  into  small  dots,  some  dots  may  lie  entirely  within  the 
thinnest  portion  of  the  QW.  For  these  dots,  photo-excited  carriers  cannot  diffuse  to  the  thicker 
portion  of  the  well  before  recombining.  The  probability  that  a  significant  number  of  the  dots 
will  lie  entirely  within  the  thinner  portions  of  the  QW  increases  with  decreasing  dot  diameter. 
For  the  present  QWs,  having  a  thickness  of  -16  MLs,  a  difference  of  1  ML  in  the  thickness 
corresponds  to  a  peak  energy  splitting  or  shift  of  about  14  meV.  If  we  assume  that  for  the  100 
nm  diameter  QDs,  50%  of  the  dots  occupy  the  thinner  QW,  there  would  be  a  blue  shift  of  about 
7  meV  in  the  energy  of  the  PL  peak  for  these  dots.  This  estimate  is  consistent  with  the  10  mcV 
blue-shift  of  the  PL  observed  in  the  100  nm  QDs.  We  may  discuss  the  broadening  of  the  PL 
spectra  with  decreasing  dot  size. 

SUMMARY 

Photoluminescence  spectroscopy  has  been  used  to  characterize  InGaAs/InP  QWWs  and 
QDs  fabricated  by  high  resolution  e-beam  lithography  and  reactive  ion  etching.  Low 
temperature  PL  spectra  obtained  from  QWWs  with  widths  ranging  from  200  to  40  nm  reveal  a 
-2  meV  blue-shift  in  the  spectral  energy  of  the  PL  peak  for  the  40  nm  wide  QWWs.  The 
magnitude  of  this  shift  is  consistent  with  results  reported  for  buried  InGaAs/InP  wires  of  the 
same  width  and  with  theoretical  predictions  based  on  the  effects  of  lateral  quantum 
confinement.  The  PL  spectra  from  the  QDs  with  diameters  ranging  from  600  to  100  nm  exhibit 
a  spectral  blue  shift  which  reaches  a  value  of -10  meV  for  the  100  nm  diameter  dots.  This  shift 
far  exceeds  the  predictions  of  quantum  confinement  theory  for  dots  of  this  diameter,  and  is 
consistent  with  excessively  large  blue  shifts  observed  by  other  workers  in  dry-etched  QWWs 
and  QDs. 

ACKNOWLEDGEMENTS 

Partial  support  for  this  work  is  provided  by  the  Office  of  Naval  Research  University  Research 
Initiative  N00014-92-J-1519,  NSF  Grant  No.  ECD  89-43166,  NSF  Grant  No.  DMR  89-20538, 
and  JSEP  Grant  No.  N00014-90-J-1270. 


REFERENCES: 

1.  Y.  Arakawa  and  H.  Sakaki:  Appl.  Phys.  Lett.  40, 939  (1982). 

2.  A.  Forchel,  A.  Menschig,  B.E.  Maile.  H.  Leier  and  R.  Germann,  J.Vac.  Sci.  Technol.  B,  9, 

444(1991). 

3.  M.  Notomi,  M.  Naganuma,  T.  Nishida,  T.  Tamamura,  H.  Iwamura,  S.  Nojima,  and  M. 
Okamoto,  Appl.  Phys.  Lett.  58, 720  (1991). 

4.  Ch.  Greus,  L.  Butov,  F.  Daiminger,  A.  Forchel,  P.A.  Knipp  and  T.L.  Reinecke,  Phys.  Rev. 

B  47,  (1993). 

5.  K.  Kash,  R.  Bhat,  D.D.  Mahoney,  P.S.D.  Lin,  A.  Scherer,  J.M.  Worlock,  B.P.  Vender  Gaad, 

M.  Koza  and  P.  Grable,  Appl.  Phys.  Lett.  55, 413  (1987). 

6.  M.  Tsuchiya,  J.M.  Gaines,  R.H.  Yan,  R.J.  Simes,  P.O.  Holtz,  L.A.  Coldren,  and  P.M. 
Petroff,  Phys.  Rev.  Lett.  62, 466  (1989). 

7.  J.S.  Weiner,  J.M.  Calleja,  A.  Pinczuk,  A.  Schmeller,  B.S.  Dennis,  A.R.  Goni,  L.N.  Pfeiffer, 


185 


and  K.W.  West.  Appl.  Phys.  Lett.  63, 237  (1993) 

8.  A.  Izrael,  B.  Sermage,  J.Y.  Marzin,  A.  Ougazzaden,  R.  Azoulay,  J.  Etrillard,  V.  Thieiry- 
Mieg,  and  L.  Heniy,  Appl.  Phys.  Lett.  56, 830  (1990). 

9.  A.  Gustafsson,  X.  Liu,  I.  Maxinwv,  L.  Samuelson,  and  W.  Seifert,  Appl.  Phys.  Lett.  62. 
1709(1993). 

lO.S.Q.  Gu^  E.  Reuter,  Q.  Xu,  H.  Chang,  R.  Panepucci,  1.  Adesida,  S.G.  Bishop,  C.  Caneau 
and  R.  Bhat,  to  be  published. 

11.  F.  Hirler,  R.  Kuchler,  R.  Strenz,  G.  Abstreiter,  G.  Bohm,  J.  Smoliner,  G.  Trankle  and  G. 
Weimann,  Surface  Science  263,  S36  (1992) 

12.  V.D.  Kulakovskii,  E.  Lach,  A.  Forchel  and  D.  Grutzmacher,  Phys.  Rev  B  40,  8087 
(1989). 


186 


PHOTOREFLECTANCE  STUDY  OF  MODULATION-DOPED  GaAs/GaAIAs 
QUANTUM  DOTS  FABRICATED  BY  REACTIVE-ION  ETCHING 


! 


P.D.  WANG’,  C.M.  SOTOMAYOR  TORRES’  M.C.  HOLLAND’,  H.  QIANG”,  F.H. 
POLLAK”  and  G.  GUMBS’” 

’Department  of  Electronics  and  Electrical  Engineering,  University  of  Glasgow,  Glasgow, 
G12-8QQ  Scotland 

Royal  Society  of  Edinburgh  Research  Fellow 
’’Physics  Dept.,  Brooklyn  College  of  CUNY,  Brooklyn,  NY,  1 1210  USA 
’”  Physics  Dept.,  Hunter  College  of  CUNY,  New  York,  NY,  10021  USA 

ABSTRACT 

Using  contactless  photoreflectance  at  300K  and  77K  we  have  investigated  the  intersubband 
transitions  from  two  modulation-doped  GaAs/GaAIAs  quantum  dot  (QD)  arrays  fabricated  by 
reactive-ion  etching  (RIE).  The  samples  consisted  of  8  nm  decoupled  GaAs/GaAIAs  quantum 
wells  with  dot  sizes  (lateral  dimensions)  of  60  and  100  nm.  The  lineshapes  of  the  "IC-IH"  and 
"IC-IL"  features  were  indicative  of  a  screened  exciton,  i.e.,  the  derivative  of  a  broadened  two- 
dimensional  density  of  states  (step  function),  due  to  the  presence  of  the  electron  gas.  On  the 
other  hand,  even  at  3(X)K  the  "2C-2H‘‘  features  exhibited  a  well-defined  sharp  excitonic 
lineshape,  i.e. ,  derivative  of  a  Gaussian  profile.  Even  at  room  temperature  it  is  possible  to  detect 
the  effects  of  the  lateral  quantum  confinement.  We  have  observed  a  2  meV  blue  shift  of  the  ”2C- 
2H"  feature  of  the  60  nm  QD  array  in  relation  to  the  100  nm  QD  array.  At  77K  we  have  found 
evidence  for  a  "parabolic-like"  in-plane  confining  potential  on  the  smaller  QD  array.  This 
experiment  demonstrates  the  considerable  utility  of  PR  in  studying  the.se  reduced  dimensional 
systems. 

INTRODUCTION 

There  has  recently  been  considerable  activity  in  the  field  of  reduced  dimensional  system 
nanostructures  such  as  quantum  wires  and  dots  (QD)  from  both  fundamental  and  applied 
perspective  [1-6].  Considering  the  huge  success  of  physics  and  devices  based  on  two-dimensional 
(2D)  semiconductor  systems  (i.e.,  quantum  wells,  superlattices,  heleroj unctions),  there  has  been 
a  natural  trend  to  continue  to  diminish  systems'  dimensionality.  These  reduced  dimensional 
nanostructures  exhibit  interesting  properties  involving  singularities  in  the  density-of-states  and 
unique  transport  phenomena  [1,2].  For  quantum  dots  evidence  has  been  found  for  a  "parabolic- 
like"  in-plane  confining  potential  [1],  as  opposed  to  the  square  well  potential  along  the  growth 
direction.  Interesting  new  transport  pnenomena  such  as  Coulomb  blockade  has  been 
demonstrated  [1,7].  New  optical  applications  include  low  threshold,  high  yield  laser  structures 
and  photodetectors  [3-5]. 

One  (ID)  and  zero  (OD)-diiTiensional  systems  can  be  formed  in  several  ways.  For, 
example,  2D  structures  are  easily  obtained  in  the  growth  direction  by  thin  film  methods  such  as 
molecular  beam  epitaxy  (MBE)  or  organometallic  chemical  vapor  deposition.  Therefore,  an 
obvious  way  to  obtain  quantum  wires  (ID)  and  dots  (OD)  is  to  pattern  usual  2D  heterostructures 
such  as  quantum  wells  with  nanoscale  lithographic  techniques  [8,9].  The  dry  reactive-ion  etching 
(RIE)  method  has  drawn  much  attention  for  larger  processing  depth  of  abrupt  potential  barriers, 
excellent  control  on  lateral  size,  and  ability  to  fabricate  complicated  shapes  [8].  This  technique 
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can  now  routinely  produce  nanostructures  of  scale  about  100  nm. 

The  lateral  confinement  of  QDs  is  expect^  to  bring  about  dramatic  changes  in  the 
transport  properties  and  in  addition  to  the  optical  features.  If  one  restricts  the  particles  to  narrow 
lines  or  dots  (boxes),  further  quantization  can  occur  as  compared  with  the  2D  situation.  In  such 
a  OD  system  with  cylindrical  symmetry  the  electron  (hole)  energy  levels  will  be  characterized 
by  three  quantum  numbers,  i.e.,  n.CIH(L)/,  n^CIH(L)l  and  nyCIH(L)l.  For  example,  njC[H(L)l 
corresponds  to  the  conduction  (Q  or  heavy(//)/light(f,)-hole  subhands  along  the  growth  (z)- 
direction,  while  the  other  two  quantum  numbers  specify  the  in-plane  quantization.  If  the  lateral 
dimension  is  substantially  larger  than  (the  confinement  dimension  along  the  z-direction),  there 
will  be  (a)  a  ladder  of  small  levels  (n^,  n^)  formed  within  the  subband  ladder  of  well  separated 
transitions  corresponding  to  2D  quantization  (/i.)  along  the  z-direction  and  (b)  these  "2D"  levels 
will  be  blue-shifted.  A  size  of  about  100  nm,  which  is  bigger  than  the  Bohr  radius  in  GaAs, 
makes  it  difficult  to  observe  these  effects  in  optical  experiments,  particularly  interband 
transitions,  as  compared  to  the  resolution  of  low  temperature  transport  measurements. 

Despite  the  proven  value  of  modulation  spectroscopy,  particularly  contactless  modes  such 
as  photoreflectance  (PR)  in  studying  2D  systems  [10,1 1]  there  has  been  very  little  work  done 
on  ID  or  OD  nanostructures.  Photoreflectance  has  been  used  to  study  ID  SiGe/Si  quantum  wires 
[12]  and  the  effects  of  RIE  on  large  ( =  0.5  /tm)  GaAs/GaAIAs  QD  arrays  [13].  Several  authors 
have  measured  the  electrotransmission  spectra  of  CdS,Se,.,  nanocrystals  embedded  in  a  glass 
matrix  [14]. 

In  this  paper  we  report  a  PR  investigation  at  300K  and  77K  of  the  intersubband  transitions 
from  two  modulation-doped  GaAs/GaAIAs  QD  arrays  fabricated  by  RIE.  The  samples  consisted 
of  8  nm  decoupled  GaAs/GaAIAs  quantum  wells  with  dot  sizes  (lateral  dimensions)  of  60  and 
100  nm.  The  lineshapes  of  the  "IC-IH"/"IC-IL“  features  were  indicative  of  a  screened  exciton, 
i.e.,  the  derivative  of  a  broadened  2D  density  of  states  (step  function),  due  to  the  presence  of 
the  electron  gas  (EG).  The  notation  m.C-nJH(L)  denotes  a  transition  between  the  m.**  conduction 
and  valence  subbands  of  heavy  (light)-hole  character.  Rigorously  speaking  the  notation 
should  include  three  quantum  numbers  for  both  the  electrons  and  holes  because  of  the  effects 
of  the  lateral  confinement.  In  this  paper  we  use  "m.C-n.H(L)'’  to  indicate  the  quasi-2D 
transitions. 

In  contrast  to  the  "IC-IH’/’IC-IL"  resonances,  the  "2C-2H"  features  exhibited  a  well- 
defined  sharp  excitonic  lineshape,  i.e.,  derivative  of  a  Gaussian  profile.  Even  at  room 
temperature  it  is  possible  to  detect  the  effects  of  the  lateral  quantum  confinement,  a  2  meV  blue 
shift  of  the  "2C-2H’  feature  of  the  smaller  QD  array  in  relation  to  the  larger  material.  At  77K 
the  "2C-2H’  feature  of  the  60  nm  QD  array  exhibits  oscillatory  features,  i.e.,  the  n^,  n,  ladder. 
Comparison  with  a  first-principles,  many-body  calculation  provides  evidence  for  a  "parabolic¬ 
like"  in-plane  confining  potential.  This  experiment  demonstrates  the  considerable  utility  of  PR 
in  studying  these  reduced  dimensional  systems. 

EXPERIMENTAL  DETAILS 

The  PR  apparatus  has  been  described  in  the  literature  [10,1 1].  The  pump  beam  was  the 
6328A  line  of  a  He-Ne  laser  chopped  at  2(X)  Hz.  The  sample  used  in  this  study  was  grown  by 
MBE  on  a  (001)  semi-insulating  GaAs  substrate  with  a  1  /iin  not-intentionnaly  do^  GaAs 
buffer.  The  active  region  was  a  0.58  fim  thick  multiple  quantum  well  structure  (MQW)  structure 
which  consisted  of  the  following  layers  repeated  10  times:  a  30  nm  GaAIAs  layer,  a  Si  5-doping 
layer  (2x10'^  cm’^),  20  nm  of  a  GaAs(0.85  nm)/AIAs(0.85  nm)  superlattice  structure,  and  a  8 
nm  GaAs  quantum  well  (QW)  region.  There  was  a  17  nm  GaAs  cap  on  top  of  the  entire 
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structure.  Shubinikov-de  Haas  measurements  indicated  that  the  EG  density  in  the  GaAs  QWs 
corresponded  to  a  ‘‘two-dimensional"  concentration  of  8.5x10"  cm  ^  The  adoption  of  the 
asymmetric  barrier  growth  pattern  was  to  compensate  the  different  properties  of  MBE  grown 
GaAs/AlAs  and  AlAs/GaAs  interfaces,  and  was  shown  to  produce  more  symmetric  well  potential 
profile  [8].  The  dots  were  fabricated  by  RIE  using  SiCU  [8].  The  dot  arrays  formed  a  square 
lattice  pattern,  with  the  separation  between  neighbouring  dots  being  4  times  the  individual  dot 
diameter.  The  samples  reported  in  this  work  include  60  nm  and  100  nm  QD  arrays.  They  were 
fabricated  with  a  single  mask  on  the  same  mesa,  each  measuring  1  mm  by  4  mm  separated  by 
a  1  mm  gap. 


EXPERIMENTAL  RESULTS 


Fig.  1  Room  temper  ire  PR  spectra  of  the  100  nm  and 
60  nm  GaAs/GaAlAs  QD  arrays. 


Displayed  in  Fig.  1  are  the  PR 
spectra  of  the  two  QD  arrays  at 
300K.  The  structure  around  1.42 
eV  is  from  the  direct  gap,  Eo,  of  the 
GaAs  buffer/substrate  while  the 
peak  at  around  1.8  eV  is  Eo  from 
the  GaAlAs  portion  of  the  sample, 
which  makes  it  possible  to  evaluate 
an  Al  composition  of  27%. 

The  signal  around  1.5  eV  is 
quite  unusu^_  for  modulation 
spectroscopy  from  a  QW  system. 

Such  traces  generally  exhibit  sharp, 
derivative-like  features  (i.e., 
positive  and  negative  lobes) 
associated  with  excitons,  even  at 
300K.  In  addition,  these  reported 
lineshapes  are  symmetric  [10,11]. 

The  1.5  eV  traces  of  Fig.  1  lie  on  only  one  side  of  the  baseline.  The  signal  around  1.5  eV 
corresponds  to  the  screened  "/C-///"/"/C-/L"  excitonic  transitions.  The  screening  is  due  to  the 
presence  of  the  EG.  We  have  recently  observed  similar  signals  in  PR  associated  with  the  2D  EG 
in  GaAlAs/InGaAs/GaAs  modulation-doped  QWs  [10,15].  Such  lineshapes  were  accounted  for 
on  the  basis  of  the  first-derivative  of  a  broadened  step-like  2D  density  of  states  (due  to  the 
screening  of  the  exciton)  times  a  Fermi  level  filling  factor  [10,15]. 

Near  1.6  eV  there  is  a  sharp  derivative-like  feature  originating  from  the  "2C-2H’ 
transitions  in  the  QWs.  The  energy  position  can  be  obtained  accurately  from  a  lineshape  fit.  The 
sharpness  of  these  ’2C-2H"  features  is  an  indication  (a)  of  the  high  quality  of  the  QD  arrays  and 
(b)  the  absence  of  screening  by  the  EG.  The  fact  that  we  do  not  observe  any  "symmetry- 
forbidden"  transitions  (e.g.,  m.^n.)  is  indicative  of  the  symmetric  nature  of  the  band  profile. 

We  have  made  a  detailed  comparison  the  the  1.6  eV  features  at  300K  in  the  two  QD 
arrays,  as  shown  by  the  solid  (1(X)  nm  QDs)  and  dashed  (60  nm  QDs)  lines  in  Fig.  2.  Note  that 
there  is  a  blue-shift  of  the  smaller  dot  size  in  relation  to  the  other  sample.  The  obtained  energy 
positions  from  the  lineshape  fits  (dotted  tines)  are  denoted  by  arrows  at  bottom  of  the  figure. 
A  2  meV  blue  shift  of  this  feature  is  observed.  This  shift  is  obvious  in  Fig.  2  even  without  any 
lineshape  fit,  owing  to  the  very  narrow  excitonic  nature  of  the  "2C-2H"  features.  This  observed 
blue-shift  is  evidence  for  the  lateral  quantum  confinement  effects  on  the  smaller  dot  size  sample. 
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as  will  be  discussed  below. 

Shown  in  Fig.  3  is  the 
experimental  PR  trace  of  the  60  nm 
QD  structure  at  77K.  The  whole 
spectrum  has  been  blue  shifted  in 
relation  to  the  data  of  Fig.  1  due  to 
the  temperature  dependence  of  the 
band  structure  of  the  constitute 
materials.  Notice  the  enhancement 
of  the  series  of  features  around  1.7 
eV.  We  have  found  them  to  be 
reproducible.  One  possible 
explanation  of  these  oscillatory 
features  in  this  nanostructure  might 
be  Franz-Keldysh  oscillation  effects. 
If  this  were  the  case  a  plot  of 
extrema  index  number  I  should  be 


Energy  (eV) 


linear  in  (E,  -  where  E,  F'i-  2  Experimental  PR  spectra  at  300K  in  the  region  of 

is  the  energy  of  the  I  extrema  2C-2H  for  the  100  nm  (solid  line)  and  60  nm  (dashed 
[10,1 1].  However,  we  find  a  linear  •'"«>  The  dotted  curves  are  lineshape  fiU. 

relationship  with  (E,  -  E.j(,.2„. ),  as 

shown  in  Fig.  4.  As  discussed  below  we  interpret  this  observation  in  terms  of  the  "parabolic- 
like*  in-plane  confining  potential,  as  opposed  to  the  square  well  potential  along  the  growth 
direction.  The  “IC-IH’I’IC-IL’  feature  does  not  exhibit  such  oscillations  because  of  the 
screening  effects  of  the  EG  which  occupies  the  1C  level. 


DISCUSSION 


In  Fig.  2,  we  show  clearly  that  there  is  a  blue  shift  of  the  lowest  "2C-2H"  feature  of  the 
60  nm  sample  with  respect  to  the 
100  nm  QD  array.  This  is  due  to 
the  lateral  size  conrinement.  We 
can  make  a  rough  estimation  of  this 
effect.  For  a  2D  box  with  infinite 
barriers  (we  shall  see  below  that 
this  is  not  rigorously  correct),  the 
energy  difference  (AE)  of  the  OD 
"ground  state"  (i.e.,  n,  =  n,  =  1) 
of  the  quasi-2D  '2C-2H’  feature 
between  two  QDs  of  different 
lateral  sizes,  a,  and  Oj,  is: 

AE  »  (/iV//i)[(l/a,)^-(l/fl2)^] 

where  n  is  the  in-plane  reduced 
interband  effective  mass. 

Using,  ^=0.074  (in  units  of 

free  electron  mass)  of  GaAs,  a,  =  pjg  3  spectrum  of  the  60  nm  QD  array  at  77K. 
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60  nm,  and  Oj  =  100  nm,  we  can 
deduce  a  value  AE  »  1.8  meV, 
which  is  in  excellent  agreement 
widi  the  experimental  data.  The 
room  temperature  observation  of 
this  2  meV  energy  shift  is  a 
consequence  of  the  derivative  nature 
of  PR  and  the  high  quality  of  the 
small  dimension  QD  arrays. 

As  discussed  earlier,  further 
evidence  for  the  effects  of  lateral 
confinement  are  the  oscillatory 
structures  above  ‘2C-2H'  in  the 
77K  data  of  the  60  nm  dot  array. 

These  are  the  manifestations  of  the 
in-plane  quantization.  The  fact  that 
the  extrema  index  scale  linearly 
with  energy  is  strongly  suggestive 
of  a  ‘parabolic-like*  in-plane 
potential,  which  produces  evenly 
spaced,  harmonic  oscillator  ladders  in  the  conduction  (valence)  levels  [1]. 

In  order  to  confirm  this  interpretation  we  have  performed  a  first-principles,  many-body 
calculation  of  the  absorption  coefficient  and  its  derivative  (with  respect  to  photon  energy)  for  an 
array  of  quantums  dots  having  the  characteristics  of  the  60  nm  array  sample.  The  theory  which 
we  have  done  for  the  interband  absorption  characterization  of  quantum  dots  includes  the 
depolarization  shift  due  to  electron-electron  interaction,  impurity  scattering,  and  the  effect  due 
to  interface  imperfection. 

Harmonic  potentials  have  been  used  to  simulate  lateral  confinement  of  quantum  dots.  We 
have  derived  a  self-consistent  field  theory  for  the  infrared  absorption  of  polarized  or  unpolarized 
incident  light  in  this  system.  Many  of  the  observed  features  of  the  oscillatory  portion  of  the  PR 
spectrum  of  Fig.  3  are  reproduced  in  our  theory.  The  features  in  the  absorption  spectrum  are 
significantly  amplified.  The  thermal  broadening  of  the  peaks  sensitively  depends  on  the  electron 
density  and  the  temperature.  Based  on  the  known  temperature  in  the  experiment,  it  gives  us  a 
convenient  way  of  determining  the  number  of  electrons  in  each  dot  by  fitting  the  thermally- 
broadened  lineshape.  Excellent  agiement  has  been  found  between  the  results  of  the  theory  and 
the  oscillatory  features  above  "2C-2H’  in  Fig.  3.  The  details  of  this  work  will  be  the  subject  of 
a  future  publication. 

SUMMARY 

This  investigation  has  shown  the  considerable  utility  of  PR,  which  is  not  only  contactless 
but  requires  no  special  mounting  of  the  sample,  as  a  valuable  tool  in  studying  nanostructure 
systems  such  as  QDs.  Since  the  lateral  dimensions  of  current  lithographic  technology  produce 
confinements  which  result  in  meV  band  edge  shifts,  a  high  resolution  optical  technique,  such  as 
PR,  is  essential  in  order  to  study  the  phenomenon  associated  with  lateral  confinement.  Even  at 
300K  we  have  been  able  to  evaluate  the  blue-shift  due  to  the  lateral  confinement.  In  addition, 
the  derivative-like  nature  of  PR  also  has  revealed  oscillatory  features  at  77K  which  can  be 
accounted  for  on  the  basis  of  a  "parabolic-like"  in-plane  potential.  Good  agreement  has  been 
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Fig.  4  The  energies  of  the  oscillatory  features  above  '2C- 
2H’  at  77K  as  a  function  of  extrema  index  number  /. 
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found  between  experiment  and  a  first-principles,  many-body  theoretical  calculation  of  the  effects 
of  this  in-plane  potential. 
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Abstract 


Raman  and  photoluminescence  (PL)  spectra  have  been  used  to  characterize 
Ala]Gag^,As/GaAs  multiple  quantum  well  (MQW)  structures  that  have  been  patterned  by 
focused  ion  beam  (FIB)  implantation  followed  by  rapid  thermal  annealing  (RTA).  Microprobe 
Raman  scattering  is  used  to  identify  the  appropriate  RTA  and  FIB  implantation  conditions  that 
provide  for  temoval  of  implantation-induced  damage  and  for  compositional  intermixing.  HB 
patterned  wire-like  structures  are  characterized  by  spatially  resolved  PL  spectra. 


Introduction 


Selective  intermixing  of  MQWs  is  of  particular  interest  for  fabrication  of  such  structures  as 
channel  waveguides,  index-modulation  gratings  and  index-guided  diode  lasers,  and  for  the  study 
of  low  dimensionality  effects  in  quantum  well  wires  and  quantum  dots.  FIB  implantation  and 
RTA  are  very  useful  techniques  for  obtaining  these  structures  using  the  direct-writing  capability 
of  FIB.'^  The  basic  idea  is  that  the  bandgap  and  thus  the  refractive  index  is  modified  upon 
intermixing.  Spatially  resolved  Raman  and  PL  spectra  were  found  to  be  simple  and 
nondestructive  methods  to  characterize  these  structures.  Microprobe  Raman  employs  an  optical 
microscope  to  illuminate  the  sample  and  collect  the  scattered  light  Therefore  its  spatial 
resolution  is  limited  by  the  optics  to  0.8  pm  at  room  temperature.  The  spatial  resolution  for  PL 
at  low  temperature  is  measured  to  be  1.3  pm.  Raman  and  PL  spectra  obtained  with  a  spatial 
scarming  capability  is  used  to  study  patterned  wire-like  structures.  Raman  scattering  is  used  to 
characterize  implantation-induced  damage  as  well  as  the  A1  concentration  change  after 
intermixing.  PL  spectroscopy  is  used  to  characterize  the  change  in  subband  energy  and  impurity 
levels  formed  by  implanted  ions.  We  use  spatially  resolved  Raman  and  PL  spectra  to 
characterize  FIB  implantation-induced  damage  and  local  compositional  intermixing  in  patterned 
wire-like  structures. 
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Experiment 


The  sample  used  in  this  work  were  AlojGao  jAsAUaAs  MQWs  consisting  of  29  periods  of 
the  same  well  and  barrier  width  of  3.S  nm,  sandwiched  between  a  SO  nm  Al^jCa^  ^As  cap  and  a 
30  nm  single  quantum  well  (SQW)  on  a  I  tim  Al^jGag,As  bufler  layer  grown  on  (100)  GaAs 
substrate.  The  patterned  structure  is  shown  in  Hg.  1.  For  FIB  implantation  of  the  sample  we 
used  a  Ga»  ion  beam  of  120  keV  energy  with  a  dose  of  IxlO*'*  cm^  The  RTA  condition  was 
9S0°C  for  10  sec.  The  width  of  the  implanted  regions  was  3  pm,  and  the  spacing  between  them 
was  1  pm. 


Spatially  resolved  Raman  and  PL  spectra  were  used  to  characterize  the  patterned  wire-like 
structures.  The  S14.S  nm  line  of  Ar  laser  is  used  to  excite  the  sample,  and  the  0. 1  pm  spatial 
scanning  capability  of  an  inchworm  stage  was  employed. 


Results  and  Discussion 


The  Raman  spectrum  of  an  as-grown  sample  is  shown  in  Fig.  2(a).  The  two  peaks 
observed  at  280  cm  '  and  292  cm  '  are  the  GaAs-like  longitudinal  optical  (LO)  phonons  from  the 
cap  and  the  AlGaAs  barrier  layers  of  MQW  region,  arxl  GaAs  LO  phonon  from  the  GaAs  well 
layers  of  MQW  region,  respectively.  The  peak  at  378  cm  '  is  the  AlAs-like  peak  from  the  cap 
and  the  barrier  layers.  The  peak  positions  depend  on  the  A1  concentration.’  By  monitoring  the 
peak  position  after  each  process,  the  change  in  A1  concentration  can  be  obtained.  Two  small 
peaks  seen  on  the  left  sictes  of  the  peaks  are  transverse  optical  (TO)  phonon  modes  which  are 
not  allowed  by  the  selection  rule  in  the  backscatlering  geometry  of  (001)  zinc-blende-type 
structure,  but  are  present  because  of  some  disorder.  Following  RTA  only  (Fig.  2(b)),  the  GaAs 
peak  shifts  down  by  1. 1  cm  '  which  corresponds  to  a  small  amount  of  interdiffusion.  The  broad 
Raman  peaks  from  the  implanted  sample,  as  shown  in  Fig.  2(c),  resemble  a  phonon  density  of 
states  due  to  heavy  disorder.  Subsequent  RTA  removes  implantation-induced  damage  as  shown 
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in  Hg.  2(d).  The  292  cm‘‘  peak  moved  to  285.4  cm  ^  corresponding  to  complele  compositional 
intermixing.  These  measurements  provide  direct  evidence  that  selective  intermixing  induced  by 
FIB  implantation  and  subsequent  RTA  has  been  achieved. 
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Fig.  2.  Raman  spectra  from  an  AlgjGag^As/GaAs  MQWs.  (a)  as-grown,  (b)  after  RTA,  (c) 
after  FIB  implantation,  and  (d)  after  FIB  implantation  and  subsequent  RTA. 

Consider  inteimixing  in  a  single  quantum  well  in  which  the  well  of  smaller  gap  energy  is 
sandwiched  by  the  barriers  of  larger  gap  energy.  After  partial  intennixing  a  step  function  profile 
of  band  structure  has  changed  to  an  error  function  bwd  structure.  Therefore,  the  interband 
transition  energy  increases  due  to  two  effects,  an  increase  in  the  A1  concentration  within  the 
well  and  a  decrease  in  the  effective  well  width.  As  ihentioned  above,  the  change  in  the  A1 
concentration  can  be  directly  obtained  by  monitoring  the  Raman  peaks.  The  change  in  energy 
of  the  subband  transition  is  measured  by  the  shift  of  the  PL  peak  position.  Therefore,  the 
combination  of  Raman  and  PL  spectra  can  be  used  to  characterize  the  whole  process  of 
intermixing,  irKluding  the  effective  well  width,  in  single  quantum  wells  and  MQWs. 

Spatially-resolved  low  temperature  PL  spectroscopy  was  used  to  characterize  FIB 
patterned  wire-like  structures.  The  peak  position  in  the  PL  spectra  corresponds  to  the  subband 
transition  energy  between  an  electron  and  a  heavy  hole.  An  example  is  shown  in  Fig.  3  where 
two  peaks  are  observed,  one  from  the  MQW  region  and  another  from  a  single  quantum  well 
after  the  sample  had  undergone  RTA.  The  MQW  peak  position  is  shifted  just  a  few  meV 
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compared  to  the  as-grown  sample.  After  implantation,  no  PL  signals  were  measured  in  any 
wire-like  structure  due  to  implantation-induced  heavy  disorder  as  shown  in  Fig.  2(c).  Following 
RTA,  both  the  MQW  and  SQV*  peaks  are  recovered.  Two  peaks  appear  (instead  of  one)  from 
the  MQW  region  of  the  I  pm  wire-like  structure  as  shown  in  Fig.  4(c).  This  spectrum  was 
obtained  from  the  center  of  an  implanted  stripe.  When  the  excitation  spot  was  moved  to  the 
position  between  the  implanted  stripes,  the  lower  energy  peak  grew  relative  to  the  higher  energy 
peak  (Fig.  4(b)),  indicating  that  these  excitons  are  in  an  unmixed  region.. 


Energy  (eV) 


Fig.  3.  PL  spectrum  (4.2  K)  of  an  as-grown  sample  after  RTA:  the  peak  at  higher  energy  is 
from  MQW  region  and  the  one  at  lower  energy  is  from  a  single  quantum  well. 


Energy  (eV) 

Fig.  4.  PL  spectra  of  MQWs  (a)  after  RTA,  and  obtained  (b)  between  the  implanted  stripes 
and  (c)  from  the  implanted  stripe  after  FIB  implantation  and  subsequent  RTA. 

To  confirm  further  the  locations  of  these  peaks  the  excitation  spot  was  scaiuied  across  the 
implanted  stripes  at  a  fixed  energy.  As  shown  in  Fig.  5.  The  perirxJic  structure  obtained  by 
spatial  scanning  at  an  energy  of  1.748  eV  has  the  opposite  phase  to  that  obtained  at  an  energy 
of  1.723  eV,  suggesting  that  the  peak  position  at  higher  energy  corresponds  to  the  transition 
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energy  in  corapositionally  intemiixec^  regions  by  FIB  implantation  and  subsequent  RTA,  and  the 
peak  at  lower  energy  corresponds  to  the  excittm  recombination  energy  between  the  implanted 
strips.  Thus  PL  measurements  with  a  spatial  scanning  capability  can  provide  information  on 
sel^tive  compositional  intermixing  of  patterned  wire-like  suiictures. 


Fig.  5.  The  spatial  scan  of  PL  (a)  at  the  energies  of  1.748  eV  and  1 .723  eV. 

We  have  also  used  spatially  and  temporally  resolved  photoluminescence  measurement 
techniques  to  study  exciton  lifetimes  and  the  in-plane  transport  of  excitons.*^  The  sample  is 
excited  by  5  picosecond  laser  pulses.  In  this  case  the  positions  of  both  the  excitation  spot  and 
the  sample  are  fixed.  The  spectrometer  position  was  fixed  at  the  energy  corresponding  to  the 
exciton  recombination  energy  between  the  implanted  regions.  The  collected  image  is  projected 
through  scanning  optics  onto  the  spectrometer  slit  in  order  to  obtain  spatially  resolved  PL 
intensity.  A  three  axis  plot  obtained  at  relatively  high  laser  power  is  shown  in  Fig.  6.  This  plot 
suggests  that  the  HB  patterned  MQW  has  periodic  compositional  intermixing  across  the 
implanted  stripes,  indicating  a  kind  of  lateral  confinemenL 


Fig.  5.  Spatially  and  temporally  resolved  PL  from  patterned  wire-like  structures. 


Summary 


Spatially  resolved  Raman  and  PI.  spectra  has  been  used  to  characterize  wire-like  structures 
fabricated  by  using  FIB  implantation  and  subsequent  RTA  to  produce  compositional 
intermixing.  Raman  scattering  is  used  to  observe  FIB  implantation-induce  damage  and  the 
change  in  A1  concentration  and  to  determine  the  suitable  conditions  for  forming  the  patterned 
wire-like  structures.  PL  measurements  show  the  periodic  modulation  of  the  energy  bands  in  the 
lateral  direction  suggesting  exciton  confinement  is  provided  by  these  FIB  compositionally  mixed 
structures. 


Acknowledgements 


We  gratefully  acknowledge  the  support  of  the  National  Science  Foundation  (ECS 
9113244)  and  the  Materials  Directorate,  Wright  Laboratory,  Wright-Patterson  Air  Force  Base. 


References 


1.  M.  Kumar,  V.  Gupta,  G.  N.  Debrabander,  P.  Chen,  J.  T.  Boyd,  A.  J.  Steckl,  A.  G.  Clioo, 
H.  E.  Jackson,  R.  O.  Burnham,  and  S.  C.  Smith,  IEEE  Photonics  Tech.  Lett.  4, 435 
(1993). 

2.  M.  C.  Wu,  M.  M.  Boenke,  S.  Wang,  W.  M.  Clark,  E.  H.  Stevens,  and  M.  W.  Udaut,  Appl. 
Phys.  Lett.  53,  265  (1988). 

3.  S.  Adachi,  J.  Appl.  Phys.  58,  R1  (1985). 

4.  X.  L.  Cao,  A.  G.  Choo,  L.  M.  Smith,  H.  E.  Jackson,  P.  Chen,  and  A.  J.  Steckl,  this 
conference. 

5.  G.  D.  Gilliland,  D,  J.  Wolford,  G.  A.  Norduop,  M.  S.  Petrovic,  T.  F.  Kuech,  and  J.  A. 
Bradley,  J.  VAc.  Sci.  Tech.  BIO,  1959  (1992). 


196 


INFLUENCE  OF  GROWTH  CONDITIONS  ON  THE  MODULATION 
MECHANISM  OF  PHOTOREFLECTANCE  SPECTRA  OF  SINGLE 
InGaAs/InAIAs  QUANTUM  WELLS 

Y.  BALTAGI*.  C.  BRU*.  T.BENYATTOU*,  M.A.GARCIA-PEREZ*,  G.GUILLOT*, 
M.GENDRY**.J.LLECLERCQ**.  V.DROUOT**  AND  G.KOLUNGER** 

*  Laboraioire  dc  Physique  de  la  I^d^ie  (URA  CNRS  358)  -  INSA  dc  Lyon  -  69621  Villeurbanne 
Cedex,  France. 

*•  LEAME  GJRA  CNRS  848)  -  Ecole  Centrale  de  Lyon,  69131  Ecully  Cedex,  Fiance. 
ABSTRACT 

Using  Photoreflectance  (PR)  measurements,  we  have  investigated  Ino.s3Gao.47As  single 
quantum  wells  (SQW)  with  Ino.s2Alo.4gAs  barriers  grown  by  MBE  on  InP  substrates.  Unusual 
lineshapes  of  PR  spectra  are  observed  for  the  fundammal  transition  in  some  of  the  SQW.  This 
phenomenon  is  shown  to  be  independent  on  the  widths  of  both  the  SQW  (Snm  or  lOnm)  and  the 
surface  barrier  layer  (between  6Snm  and  300nm).  PR  spectra  are  recorded  at  different  temperatures 
atKl  in  different  samples,  as  well  as  with  a  secondary  pump  laser  beam.  From  these  measurements, 
it  is  concluded  that  interface  defects  exist  in  the  SQW  grown  at  52S°C  without  growth  interruption. 
Such  defects  ate  clearly  evidenced  in  room  temperature  PR  experiments  and  confirmed  by  PL 
measurements. 


INTRODUCTION 

The  InGaAs/InALAs  system  lattice-matched  to  InP  has  attracted  great  interest  [1-3]  because 
of  its  promising  applications  in  microelectronics  and  optoelectronics.  However  the  growth 
conditions  (growth  temperature,  growth  interruption  at  the  quantum  well  interface)  of  the  InAlAs 
layer  remain  the  key  point  for  a  good  layer  quality  as  well  as  for  low  interface  roughness  in  such 
InP  based  quantum  devices.  Low  temperature  photoluminescence  studies  are  generally  used  to 
assess  the  quality  of  layers.  In  this  paper  we  have  performed  extensive  PR  studies  of 
InGaAs/InALAs  single  quantum  wells  (SQW)  at  room  temperature  as  well  as  at  low  tempterature 
and  shown  that  this  technique  is  very  powerfull  to  get  information  about  the  quality  of  the  layers 
and  on  the  different  scattering  mechanisms  which  interfere  on  carrier  transport. 


EXPERIMENTAL 

Our  experimental  setup  is  conventional,  with  a  12mW  HeNe  laser  as  the  pump  beam  and  a 
150W  Quartz  Tungsten  Halogen  lamp  as  the  probe  beam.  The  pump  laser  beam  is  chopped  at 
310Hz  and  the  probe  light  beam  is  dispersed  through  a  0.64m  Jobin-Yvon  monochromator.  A 
second  continuous  laser  beam  (Argon  laser)  can  be  superimposed  for  the  purpose  of  double  beam 
experiments.  The  signal  is  detected  by  a  Si  or  Ge  photodiode.  For  low  temperature  measurements, 
we  use  a  variable  temperature  Helium  gas  cryostat.  The  sensitivity  of  our  experimental  setup  is 
about  10'^. 

The  SQW  were  grown  by  Molecular  Beam  Epitaxy  (MBE)  on  [100]  InP  substrates.  Each 
of  them  consists  of  a  Ino.53Gao.47As  SQW  embedd^  in  Ino.52Alo.48As  barrier  material  lattice- 
matched  to  InP.  A  4(X)nm  thick  Ino.52Alo.48As  buffer  layer  was  grown  at  525°C.  The  growth 
temperature  of  the  remaining  layers  was  then  either  450°C  or  525°C  and  the  top  barrier  InAlAs 
material  thickness  was  either  6Snm  or  300nm  as  reported  in  table  I.  The  samples  were  not 
intentionally  doped.  The  top  InAlAs  layer  of  sample  S3  was  chemically  etched  ftom  300nm  down 
to  65nm  in  order  to  obtain  sample  S3*  which  only  differs  ftom  sample  SI  by  the  growth 
temperature.  In  S3,  the  growth  was  interrupted  during  5  seconds  at  each  SQW  interface  in  order  to 
improve  the  interface  quality. 

The  alloy  composition  and  quality  were  checked  by  low  temperature  Photoluminescence 
(PL)  experiments.  For  each  sample,  PL  spectra  exhibit  two  peaks  corresponding  to  the  InAlAs 
layers.  One  peak  lies  at  1.517eV  from  the  near  band  edge  recombination,  which  conhrms  the 
nominal  Indium  composition  (0.52)  of  the  InAlAs  layer.  The  second  jjeak  lies  at  a  lower  energy 
(1.478  eV)  and  corresponds  most  probably  to  a  shallow  acceptor  level  in  the  gap.  The  ratio  of  the 
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near  band  edge  peak  intensity  over  the  intensity  of  the  acceptcv  peak  is  much  greater  in  the 
structures  grown  at  S25°C  and  indicates  that  InAlAs  quality  is  better  in  samples  S 1  and  S2  than  in 
S3. 

At  SK,  the  SQW  fundamental  transition  EiHi  peak  lies  at  0.941eV  in  sample  SI  and  at 
0.973eV  in  S3.  The  theoretical  value  (0.9S6eV)  is  obtained  from  the  resolution  of  SchrOdinger 
equation  in  a  square  well.  As  the  nominal  indium  composition  of  the  barrier  material  was  checbsd 
by  PL  measurements,  the  discrepancy  between  EiH]  in  SI  and  in  S3  is  noost  likely  attributed  to  a 
strong  variation  in  the  well  width  which  influences  the  energy  of  the  fundamental  level  in  a  Snm 
SQW  :  a  10%  variation  of  the  well  width  around  Snm  leads  to  a  30meV  shift  of  E|Hi.  A  Stark 
effect  due  to  the  surface  electric  field  could  as  well  be  considered  for  sample  SI  which  is  red- 
shifted  (ISmeV)  with  respect  to  the  theoretical  value,  but  could  not  explain  the  blue-shifted 
transition  in  S3.  PR  experiments  will  provide  us  a  useful  tool  for  the  internal  electric  field 
determination  in  the  next  section. 

Furthermore,  the  full  width  at  half  maximum  (FWHM)  of  E]Hi  in  S3  (8meV)  is  lower 
than  the  value  measured  in  SI  (1  ImeV)  in  spite  of  a  better  InAlAs  material  quality  in  SI.  This  is 
probably  linked  to  the  growth  interruption  p^ormed  in  S3,  which  improves  the  interface  quality. 
These  PL  results  will  be  compared  with  the  PR  results  in  the  next  section. 


■ 

nominal 

InGaAs 

well 

width  (nm) 

InAlAs  tc^ 
barrier 
width  (nm) 

Tg 

CQ 

Growth 

interruption 

mm 

5 

65 

65 

Kyi 

5 

5s 

5 

5s 

Table  I:  Growth  parameters  of  the  samples 


RESULTS 
PR  spectra  of  SQW 

The  typical  PR  spectra  of  samples  SI,  S2  and  S3,  recorded  at  room  temperature,  are 
reported  in  solid  lines  in  Oguie  1  together  with  the  theoretical  fits  in  dashed  lines.The  theoretical 
expressions  used  for  the  fit  of  the  experimental  data  will  be  further  discussed  in  the  next  section. 
The  spectral  range  of  figure  1  corresponds  to  the  fundamental  transition  EjHi  in  the  quantum  well. 
Another  weak  transition  is  observed  at  high  energy  and  is  attributed  to  a  transition  EjLi  with  the 
first  quantized  light  hole  subband  rather  than  to  E1H2,  which  would  lie  at  about  the  same  energy. 
Indeed,  the  oscillator  strength  of  the  transition  E;Li  is  much  more  intense  than  that  of  E1H2  which 
is  parity  forbidden. 


T=  300K 

T=  5K 

EiHi 

eV 

r(EiHi) 

iikV 

EiLi 

eV 

r{EiLi) 

meV 

F-iHi 

cV 

r(E,Hi) 

meV 

SI 

0.868 

7.3 

O.Ois" 

12.7 

“TFMT 

4 

S2 

0.773 

6 

0.79S 

17 

S3 

(i.901 

7.3 

0.975 

4.3 

“S3*“ 

0.9O8 

8.J 

Table  11 :  Energy  and  broadening  parameters  of  optical  transitions  from  the  PR  spectra  of 
the  SQW  in  different  samples. 
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In  samples  SI  and  S2,  this  high  energy 
transition  is  well  defined  and  its  aiiq>litu^  is  about 
1/3  of  that  of  EiHi  as  is  expected  from  theory.  This 
is  not  the  case  in  sample  S3  where  the  EiLi 
transition  has  a  very  low  amplitude  (only  1/10  of 
that  of  EiHi).The  energy  transitions  and 
broadening  parameters  of  the  different  transitions 
obtained  by  the  theoretical  flts  are  reported  in  table 
n  for  measurements  perfumed  at  room  temperature 
and  also  at  SK. 

The  EiH]  energy  values  at  SK  are  in  good 
agreement  widi  the  FL  measurements.  A  shift  of  the 
transitions  is  observed  when  the  temperature  is 
raised  as  it  is  normally  expected.  The  broadening 
parameters  F  of  EiH]  are  similar  in  the  various 
samples  at  room  temperature  as  well  as  at  low 
temperature.  At  SK  the  F  value  is  mainly  sensitive 
to  the  alloy  disorder  and  interface  roughness 
whereas  the  higher  value  at  300K  is  due  to  the 
increasing  influence  of  phonon  scattering  when 
temperature  is  raised.  EiLj  is  broader  in  S2  than  in 
SI  :  this  means  that  the  lifetime  of  light  holes  is 
shorter  in  S2  than  in  SI.  The  theoretic^  resolution 
of  Schrddinger  equation  in  a  finite  square  well 
shows  that  die  first  light  hole  subband  Lj  lies  at  the 
same  energy  as  the  second  heavy  hole  subband  H2 
in  a  lOnm  SQW  :  there  is  a  strong  coupling 
between  the  two  hole  levels  and  therefore  holes  are 
most  probably  on  H2  level  than  on  Li  due  to  the 
higher  density  of  states.  In  a  Snm  SQW  (Si),  the 
coupling  between  L]  and  H2  is  less  efficient 
because  there  is  an  energy  gap  between  the  two 
levels.  This  is  the  reason  for  the  very  broad  EiL] 
transition  in  S2. 


Figure  1  PR  spectra  at  300K  of  SI  (a),  S3  Finally,  the  lineshapes  of  spectra  SI  and  S2 

(b),  and  S2  (c).  Solid  lines  :  experiments,  are  very  different  from  that  of  spectrum  S3  as  is 
dashed  lines  :  theoretical  fit  using  intensity  evidenced  in  figure  1.  It  will  be  adressed  in  the 
modulation  for  a  and  c,  and  broadening  discussion  section, 
parameter  modulation  fcR-  b. 

InAlAs  re  spectrum 

In  figure  2  are  plotted  the  300K  PR  spectra 
of  SI  and  S3  in  the  spectral  range  corresponding  to  die  energy  gap  of  InAlAs.  Both  spectra  exhibit 
about  3  Franz  Keldysh  oscillations  (FKO)  above  the  energy  gap  of  InAlAs  (1.45eV),  from  which 
we  can  measure  the  internal  electric  field  in  this  layer  [8].  The  internal  electric  field  is  due  to  the 
Fermi  level  pinning  at  the  surface  states,  which  cteates  a  space  charge  layer  under  the  surface  of 
the  sample.  Figure  3  is  a  plot  of  (4n/3).(En  -  Egp^  versus  the  maximum  number  n.  From  this 
plot,  a  value  of  30kV/cm  is  deduced  for  the  electric  field  in  the  InAlAs  layer  in  sample  SI,  and 
SOkV/cm  in  sample  S3.  These  electric  field  values  are  very  similar  :  no  drastic  difference  is 
evidenced  between  these  two  samples,  contrary  to  the  lineshapes  of  the  SQW  response  in  figure  I. 


DISCUSSION 


The  theoretical  fit  used  in  figure  1  is  the  first  derivative  functional  fexm  of  the  unpeiturbed 
dielectric  function  £  of  the  confined  structure.  It  was  proven  to  be  the  most  suitable  fit  ftn*  confined 
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Energy  (eV) 

Figure  2  :  PR  spectra  of  saiiq>Ies  SI  and  S3 
showing  the  FKO  of  InAlAs  b^er  at  300K. 


F  =  50kV/cm 
F  =  JOkV/cm 


0.014 


systems  [4,3].  At  room  temperature,  the 
unperturbed  dielectric  function  has  most  likely  a 
Gaussian  form,  due  to  inhomogeneous 
tnoadening  such  as  phonon  scattering.  At  low 
temperature  the  Gaussian  linesha|>e  is  sdll  valid 
in  our  samples  due  to  alloy  or/and  interface 
broadoiing. 

The  the(»edcal  PR  lineshape  is  obtained 
from  a  linear  combination  of  the  tot  derivative 
of  the  real  Ei  and  ima^nary  £2  pans  of  the 
complex  dielectric  function  with  respect  to  the 
modulating  physical  parameter  [6].  In  PR 
experiments  on  ^W,  as  the  internal  elKtiic  field 
is  modulated  by  Ae  incident  laser  beam,  three 
physical  parameters  of  optical  transitions  can  be 
affected :  either  the  energy  level  through  the  Stark 
effect,  or  the  broadening  parameter  by  a 
modulation  of  the  lifetime  of  electrons  on  the 
quantized  levels  or  even  the  intensity  of  the 
c^tical  transition  due  to  the  modulation  of  the 
overlap  of  the  wavefunctions  associated  to 
electrons  and  holes.  The  relative  contribution  of 
the  real  and  imaginary  parts  in  the  spectra 
depends  upon  the  Seraphin  coefficients  and 
involve  the  influence  of  interference  effects  as 
well  m. 

It  is  worth  noting  that  the  lineshape  of  PR 
features,  in  particular  in  a  SQW,  varies 
considerably  with  the  main  modulation 
mechanism  involved  :  particularly  when  the 
intensity  modulation  mechanism  is  preponderant, 
the  lineshape  is  much  broader  than  when  the 
main  modulation  mechanism  is  an  energy  or 
broadening  parameter  modulation.  The  latter  two 
modulation  mechanisms  are  leading  to  same 
lineshapes  ftn*  a  Lmentzian  absorption  profile, 
and  to  similar  lineshapes  for  a  Gaussian 
absorption  profile  [5-7]. 

In  finite  1,  we  can  see  that  the  lineshapes  are  much  broader  for  samples  SI  and  S2  than 
for  sample  S3.  We  attribute  this  fact  to  a  difference  in  the  modulation  mechanism  in  samples  SI 
and  S2  as  conqxued  to  ssunple  S3  :  indeed,  the  best  fits  to  the  spectra  of  SI  and  S2  are  obtained 
considering  the  modulation  of  the  intensity  as  the  main  mechanism  whereas  the  best  fit  to  the 
spectrum  of  S3  is  obtained  using  a  derivative  with  respect  to  the  broadening  parameter. 
Furthermore,  to  rule  out  any  possible  influence  interference  on  the  spectrum  of  SI,  die  same  1% 
experiments  woe  perfoimed  with  sample  S3*  which  has  the  same  grometiical  parameters  Aan  S 1 
and  (xily  differs  by  the  growth  conditions  of  the  structure.  The  difference  between  the  spectra  of 
S3  and  S3*  is  only  a  phase  modification  due  to  interference  effects.  No  modification  of  the 
modulation  mechanism  can  be  evidenced  in  S3*;  the  tnoadening  parameter  modulation  mechanism 
remains  tiie  most  relevant  Thereftne,  the  narrow  barrier  layer  thickness  is  not  responsible  for  the 
special  lineshape  observed  in  the  PR  spe^  of  figurela  and  Ic. 

An  intensity  modulation  mechanism  is  generally  observed  in  the  case  of  transitions  which 
involve  spatially  separated  electrons  and  holes ;  for  instance  transitions  in  double  coupled  quantum 
wells  [6]  or  even  in  the  case  of  forbidden  transitions  [7].  In  figure  1,  the  main  PR  features 
observed  for  samples  SI  and  S2  are  at  an  energy  position  corresponding  to  EiHi  and  do  not 
correspond  to  any  forbidden  transition.  As  the  wavefunctions  of  electrons  and  holes  in  a  Snm 
SQW  are  covering  the  whole  well  width,  it  is  rather  surprising  to  get  an  intensity  modulation 
mechanism  in  such  narrow  wells. 


Figure  3  :  Plot  of  (4/37t)(En-EB)3/2  versus 
maximum  number  n.The  slope  of  each  line  is 
the  electro-optic  energy. 
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The  low  value  of  the  electric  field,  as  derived  from  FKO  in  figure  2,  is  not  sufficient  to 
i^MUially  separate  electrons  and  holes  in  a  5iun  SQW.  Furthermore,  as  its  intensity  is  (tf  the  same 
Older  of  mayiinvte  in  SI  and  S3,  it  would  have  similar  effects  in  both  samples  and  this  is  not  the 
case.  So  the  uitemal  electric  field  alone  cannot  by  itself  explain  an  intensity  modulation  mechanism 
in  SI. 

The  difference  between  structures  SI  and  S3  lies  only  in  the  growth  conditions  :  growth 
tenq)erature,  and  growth  interruption  at  the  interfiuxs.  So  the  ^>ecial  linesluqres  observed  in  the 
m  qjectrum  of  SI  is  necessarily  linked  to  the  interface  or  materul  quality.  Since  the  InAlAs  layo’ 
quality  was  proven  to  be  better  in  SI  than  in  S3  from  PL  experiments,  we  assume  that  there  are 
some  defects  at  the  well  interface  in  S 1  which  enhance  the  wavefunctions  of  electrons  and  holes 
near  the  interface.  However,  any  effect  of  growth  conditions  on  interface  quality  is  supposed  to  be 
symmetricaly  distributed.  The  asymmetry  is  due  to  the  existence  of  die  intonal  dectric  &kl,  which 
(Mves  each  carrier  (electron  and  hole)  at  a  diffdcnt  side  of  the  SQW.  The  spatial  separation  of  the 
wavefunctions  is  ensured  by  die  combined  dfects  of  interface  defM  and  internal  dectric  field. 
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Figure  4:  Spectra  of  sample  S 1  for  different  Figure  5:  Evolution  of  the  various  PR  transitions 
continuous  laser  beam  power.  versus  Pew  (continuous  laser  beam  power) 


Study  as  a  function  of  a  secondary  continuous  hjdit  beam 

In  order  to  further  investigate  this  phenomenon  of  intensity  modulation  mechanism  in 
sample  SI,  we  have  performed  a  double  beam  experiment  with  a  continuous  wave  Argon  laser 
beam  superinqiosed  on  the  HeNe  modulation  laser  beam.  This  is  supposed  to  optically  r^uce  the 
internal  electric  field  by  reducing  the  band  bending.  Figure  4  shows  the  PR  s^tra  obtained  for 
different  continuous  laser  beam  powers  (Pew  ranging  fiom  0  to  200mW  on  a  1mm  diameter  spot 
on  the  sample).  A  drastic  decrease  of  the  intensity  of  the  SQW  transition  is  rectnded  for  a  value  of 
Pew  equal  to  4  mW.  The  transition  intensity  increases  again  as  Pew  is  further  increased,  but  with  a 
180°  rotation  as  compared  with  the  signal  at  lower  P cw-  This  rotation  is  not  related  to  any 
interference  effects  since  it  does  not  appear  ndther  on  the  ^  transition,  nor  in  that  of  InAlAs.  In 
figure  5,  the  evolution  of  the  various  transition  intensities  is  plotted  versus  Pew  It  is  worth  noting 
that  the  InAlAs  transition  intensity  is  also  drastically  reduced  for  Pew  lower  than  4mW :  this  is  a 
proof  for  a  strong  reduction  of  the  surface  electric  field  before  the  phase  rotation  occurs. 

Such  a  phase  rotation  has  already  been  observed  by  sev^  authors  in  electroreflectance 
(ER)  spectra  of  bulk  material  [9] :  they  assigned  the  phase  change  of  their  ER  feature  to  die  flat 
band  condition  in  the  structure  (internal  electric  field  =  0).  The  reason  for  the  phase  change  in  ER 
is  associated  with  the  nature  of  band  bending.  For  n  type  semiconductors  in  which  the  bands  are 
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bent  upward,  the  surface  field  when  applying  the  modulation  increases  or  decreases.  The  same 
tl^g  will  be  seen  for  p  type  nuuerial,  but  due  to  the  (q>posite  band  bending  the  signal  will  be  in 
(^q>osite  ^ase.  Thus  in  electroreflectance  the  fiat  band  is  evidenced  by  ^serving  the  spect^ 
rotation.  Our  experimental  results  cannot  be  explained  this  way,  because  PR  only  (Mves  material 
conduction  band  towards  flatband  [7]  and  it  is  surprising  to  observe  an  increase  of  PR  intensity 
after  fiat  band  conditions  are  obtained. 

One  possible  explanation  could  be  that,  once  the  bands  are  nearly  flat,  there  is  a 
modification  of  the  inodula^  mechanism :  from  the  situation  of  intensity  modulation  at  low  Pew 
we  come  back  to  the  more  usual  energy  or  broadening  parameter  modulation.  Indeed,  an 
ot»ervation  of  the  spectra  of  figure  4  shows  that,  for  Pew  higher  than  4mW,  the  tail  of  the  PR 
transition  at  low  enagy  (which  is  the  sign  for  an  intensity  modulation  mechanism)  is  much 
leduced  as  compared  to  the  spectrum  record  without  continuous  laser  beam.  Therefore,  we  can 
consider  that  dim  is  a  change  in  the  modulation  mechanism  under  die  effect  of  a  continuous  laser 
beam.  The  efficiency  of  the  latter  modulation  mechanism  t^pears  to  be  much  lower. 

This  double  beam  PR  experiment  is  a  further  s^port  for  our  assumption  of  a  spatial 
separation  of  the  wavefiictions  of  electrons  and  holes  under  the  effect  of  the  internal  electric  field. 
When  the  conduction  band  is  flattened  by  a  secondary  light  source,  then  the  spatial  sqiaration  of 
electrons  and  holes  no  more  exist  and  a  conventional  PR  spectrum  is  recorded. 


CONCLUSION 

From  an  extensive  PR  study  of  InGaAs  SQW  between  InALAs  barriers  lattice  matched  on 
InP  substrates,  we  have  evidenced  the  existence  of  an  intensity  modulation  mechanism  of  the 
fundamental  optical  transition  in  a  Snm  SQW.  The  influence  of  a  secondary  laser  beam  was 
studied. 

The  comparison  of  the  PR  lineshapes  at  room  temperature  between  samples  which  only 
differ  by  their  growth  conditions,  leads  to  important  information  about  the  interface  quality  of  the 
structure.  Indeed,  the  lineshape  of  the  PR  spectrum  is  an  evidence  for  an  intensity  modulation 
mechaiusm  in  some  of  our  samples,  in  which  alloy  quality  was  proven  to  be  good  from  low 
tempmture  PL  measurements.  The  unusual  PR  lineshape  is  then  explained  by  the  presence  of 
some  intetfsce  defect,  and  can  only  be  observed  if  an  intenial  electric  field  exists  in  the  structure  as 
is  proven  from  double  beam  PR  experiments.  These  results  show  that  PR  experiments  can  bring 
complementary  information  to  low  temperature  PL  experiments  about  the  quality  of  a 
semiconducting  structure. 

The  structures  which  were  grown  with  5  second  growth  interruption  at  the  inteface  do  not 
exhibit  such  unusual  PR  lineshapes  and  are  therefOTe  free  from  this  interface  defect.  This  is  a 
further  support  to  the  beneficial  effect  of  a  growth  interruption  on  the  interface  quality  [10]. 
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ABSTRACT 

Phototransmittance  has  been  used  to  investigate  several  pseudomorphic  Aloj}Gao.6sAs/ 
fno.isGaoas^s/GaAs  high  electron  mobiUty  transistor  structures,  with  different  values  of 
the  electron  density  n,.  A  lineshape  analysis  of  the  ground  state  transition  made  it  possible 
to  estimate  n,  at  room  temperature.  A  signal  from  the  Fermi-edge  singularity  (a  many- 
body  effect),  was  observed  at  low  temperatures  and  the  dependence  of  its  intensity  on 
temperature  and  electron  density  was  examined. 

INTRODUCTION 

High  electron  mobility  transistors  (HEMT),  based  on  the  AlGaAs/InGaAs/GaAs  pseu¬ 
domorphic  (PM)  heterostructure,  have  attracted  considerable  interest  due  to  their  perfor¬ 
mance  in  low-noise,  high-power  microwave  applications,  up  to  94  GHz.*  The  development 
of  non-destructive  methods  (e.g.  optical)  is  important  to  measure  the  electron  density  n, 
of  the  two-dimensional  electron  gas  (2DEG)  in  PM-HEMTs.  The  effect  of  the  high  elec¬ 
tron  density  on  the  optical  excitations  have  been  investigated  by  photoluminescence  at 
low  temperature.^  Photoreflectance^  applied  to  HEMT  stuctures  has  led  to  controversial 
results  regarding  the  observation  of  a  signal  from  the  degenerate  2DEG.*  A  conclusive  ev¬ 
idence  on  the  existence  of  a  2DEG  signature  has  been  given  recently  by  Yin  et  al.^’*  in 
the  photoreflectance  and  electroreflectance  studies  of  GaAlAs/InGaAs/GaAs  modulation- 
doped  quantum  well  structures.  Dimoulas  et  aP  used  phototransmittance  (PT)  to  study 
PM-HEMTs  with  different  electron  densities  and  found  that  the  first  derivative  of  the  ab¬ 
sorption  coefficient  with  respect  to  n,  gives  the  dominant  contribution  to  the  lineshape  of 
the  ground  state  optical  transition.  They  also  reported*  the  observation  of  the  Fermi-edge 
singularity*  (FES)  in  one  sample  with  n,  —  1.4  x  10**  cm“*. 

In  this  paper,  we  show  that  the  2D  joint  density  of  states  for  band-to-band  transitions  in 
AlojsGao-SsAs/Ino.isGao^As/GaAs  PM-HEMTs  can  be  probed  directly  by  PT,  as  a  result 
of  the  screening  of  excitons  by  the  dense  2DEG.  Also,  by  comparing  the  PT  results  with 
Hall  data,  we  show  that  an  estimation  of  n,  by  PT  at  room  temperature  is  possible.  Finally, 
we  investigate  the  dependence  of  the  FES  signal  intensity  on  the  electron  density  of  the 
2DEG. 

EXPERIMENT  AND  SPECTRA  ANALYSIS 

Five  samples  were  fabricated  by  molecular  beam  epitaxy  on  2  inch  semi-insulating 
GaAs  (001)  substrates.  The  general  structure  from  the  top  free  surface  to  the  substrate 
was:  (500  A)  n'*'  2.5x10**  cm”*  GaAs  cap/  (100  A)  undoped  GaAs/  (500  A)  undoped 
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Alo^Gao^As/  S—  doped  I&yer/(thickneM  L,  )  undoped  AlojiGao^As  spncer  /(130  A) 
undoped  InoasGaojiAs  channel/(0.8  /im)  undopted  buffer/semi-insulating  (001)  GaAs  sub¬ 
strate.  The  n-type  f-doping  was  varied  in  the  range  between  8.0  x  10‘*  and  2.5  x  10**  cm~*, 
while  the  spacer  layer  L,  vas  grown  at  three  values  of  20,  40  and  60  A  ,  as  seen  in  Table  I. 
The  values  of  sheet  electron  concentration,  obtained  dy  Hall  measurements  at  300  and  4.2 
K  after  removal  of  the  cap  layer,  spanned  a  wide  range  between  6.5  xlO***  and  1.6  xlO** 
cm  ~*  (See  Table  I).  Phototransmittance  measurements  were  performed  by  using  a  conven¬ 
tional  experimental  set-up*  in  which  the  transmittivity  T  of  the  sample  was  modulated  by 
a  0.95  mW  He-Ne  laser.  Two  values  of  15  and  0.75  mW/cm*  of  the  laser  intensity  were 
used  at  room  and  low  temperatures,  respectively. 

TABLE  I.  Experimental  results  for  the  electron  density  n.  and  chemical  potential 
determined  from  the  fitting  of  the  Phototransmittance  lineshapes  of  the  llh  transition.  Hall 
values  are  also  listed  for  comparison.  All  data  were  obtained  at  a  temperature  of  295  K.  L,  and 
S  —  d  are  the  spacer  layer  thickness  and  the  planar  doping,  respectively. 
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The  room  temperature  PT  spectra  of  four  of  the  PM-HEMT  structures  with  different 
n,  values  are  shown  in  Fig.  1.  The  spectrum  of  an  undoped  AIoj2Gao.6sAs/Ino.t$Gao.8sAs 
heterostructure  QW,  used  as  a  reference,  with  the  same  thickness  (130  A)  of  the  InGaAs 
layer  is  also  shown  in  Fig.  1. 
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FIG.  1.  Room  temperature 
phototransmittance  spectra 
of  four  HEMT  structures 
with  difTerent  values  of 
the  electron  density  n,. 

The  spectrum  of  an  undoped 
structure  (REF)  is  also 
shown  for  comparison. 
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In  all  spectra,  the  signal  at  the  lowest  energy  is  assigned  to  the  ground  state  transition 
1  Ih.  The  features  at  higher  energies,  denoted  by  A  in  Fig.  1 ,  are  associated  with  transitions 
to  the  second  electron  level  n  =  2.  Peak  B  at  1.39  eV,  common  to  all  spectra  of  the  PM- 
HEMT  structures,  is  considered  to  be  a  contribution  firom  the  GaAs  layers  and  the  GaAs 
substrate.  The  llh  transition  in  the  reference  sample  of  Fig.  1  has  an  exdtonic  character 
with  sharp  positive  and  negative  lobes  with  respect  to  the  baseline.  The  same  transition 
in  the  doped  structures,  exhibits  distinctly  different  lineshapes  whose  main  charact«istic 
is  a  unique  step-like  signal,  more  pronounced  in  S3.  Also,  it  is  worth  noticing  the  lacking 
of  negative  lobes  in  samples  S2  and  S3.  These  unusual  modulation  spectroscopy  lineshapes 
can  be  understood  in  terms  of  the  screening  of  excitons  by  the  dense  2DEG,  combined 
with  conduction-band  phase  space  filling  effects.^  Since  excitons  are  screened,  band-to-band 
transitions  with  a  broadened  2D  joint  density  of  states  (JDOS)  dominate  the  spectra,  and 
produce  the  step-like  character  of  the  lineshape.  In  this  sense,  PT  can  probe  directly  the 
constant  2D  JDOS  in  Semiconductor  heterostructures.  On  the  other  hand,  it  is  seen  from 
Fig.  1 ,  that  the  slope  of  the  high  energy  portion  of  the  1  Ih  spectrum  depends  sensitivdy  on 
the  value  of  n,.  The  slope  is  negative  for  samples  SI  and  S2  but  gradually  turns  to  positive 
at  higher  densities  (samples  S3,  S4).  This  is  an  effect  of  phase-space  filling,  which  depends 
on  the  position  of  the  electron  chemical  potential  pe  relative  to  the  n  =  1  electron  state  Ei . 
The  same  effect  is  also  responsible  for  the  observed  decreasing  behavior  of  the  1  Ih  intensity 
with  increasing  n,,  as  seen  in  Fig.  1.  Note  however,  that  the  1  Ih  transition  is  resolved  even 
if  Pc  is  above  the  Ei  level  (as  in  the  case  of  S2,  S3  and  S4).  This  is  explained  considering 
that  the  Fermi-Dirac  distribution  is  broadened  by  an  amount  ~  kaT  ~  25  meV,  which 
is  of  the  same  order  of  magnitude  as  p*  —  Ei  (see  Table  I).  Because  of  this,  a  number  of 
conduction  band  states  remains  unoccupied,  so  that  the  absorption  process  is  possible  at 
room  temperature. 

For  a  quantitative  analysis  of  the  spectra,  we  developed  a  model,  based  on  a  previous 
work  of  Dimoulas  et  al.^  : 


^  -lA.  -I  [(^)  A„,  +  (|2)  A,  +  (I)  Af  +  (g)  Ae]  (» 

Here,  a  is  the  absorption  coefficient  and  I,T,  E  are  the  intensity,  broadening  and  energy 
parameters,  respectively.  By  fitting  the  llA  experimental  lineshapes  using  this  modeP,  it 
was  possible  to  determine  pc  (and  hence  n,)  by  treating  it  as  an  adjustable  parameter.  The 
results  of  the  fitting  are  listed  in  Table  I.  Regarding  the  samples  S2  (n,  =  5.4  xlO"  cm“’) 
and  S3  (n,  =  8.4  xlO**  cm”*),  the  values  of  p,  and  n,  obtained  from  PT  lineshape  fitting 
and  Hall  measurements  agree  within  the  experimental  error.  Values  of  n,  obtained  from 
PT,  are  within  10%  of  those  measured  by  Hall.  In  contrast,  there  is  a  large  disagreement 
between  PT  and  Hall  data  for  structures  Si  and  S4  having  the  lowest  and  the  highest  n, 
values,  respectively.  The  disagreement  in  Si  may  be  explained  considering  that  the  2DEG 
is  not  sufficiently  dense  to  completely  screen  the  exciton  so  that  our  model*,  in  which 
only  band-to-band  transitions  are  included,  is  inadequate  to  describe  the  PT  lineshape.  In 
S4,  the  anomalously  large  and  broad  negative  lobe,  is  considered  to  be  responsible  for  the 
limited  success  in  fitting  the  1  Ih  transition.  It  can  be  infered,  from  the  proceeding  analysis, 
that  it  is  possible  to  determine  (with  acceptable  accuracy)  n,  values  in  the  range  between 
5x10”  and  1  x  10‘*  cm”*,  by  using  PT  spectroscopy  at  room  temperature. 

It  is  emphasized  here,  that  contributions  from  the  last  three  terms  in  eqn.  (1)  were 
found  to  be  negligibly  small,  not  improving  the  fitting  results.  In  contrast  to  previous 
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reporta  in  undoped*****  and  modulation-doped  Q  W  heteroatructurea*'*,  where  only  the  tenna 
(da/dr)  Ar,  (da/d£)A£  and  (da/d/)  A/  were  conaidered,  in  the  preaent  work  it  waa  found 
that  the  modulation  with  reapect  to  n,  gave  the  dominant  ^ect.^  Taking  into  account  the 
forgoing  diacuaaion  the  following  modulation  mechaniam  ia  propoaed.  The  photoexdted 
electrona  from  the  laaer  modulation  aource  increaae  the  population  of  the  d^enerate  2DEG 
by  a  amall  amount  An«.  Thia  producea  an  elementary  increaae  A/i«  of  the  electrcm  chemical 
potential  which  alao  affecta  the  Fermi  factor  /.  and  aubaequently  the  abaorption. 

Aa  a  final  remark  on  Fig.  1,  it  ia  noted  that  there  ia  a  aignificant  red  ahift  of  the  llh 
tranaition  with  increaaing  n,.  The  latter  is  attributed  to  the  combined  ^ecta  of  band-gap 
renormalization  and  electrostatic  energy  variations*. 

THE  FERMI-EDGE  SINGULARITY. 

The  temperature  dependence  of  the  PT  spectra  of  sample  S4  (n,  =  1.4  xlO**  cm~*, 
at  4.2K)  is  shown  in  Fig.  2  a).  The  IIK  photoluminescence  (PL)  spectrum  of  the  same 
sample  is  shown  in  Fig.  2  b)  for  comparison.  The  assignement  of  the  1.348  and  1.404 
eV  PL  peaks  to  the  llh  and  2\h  recombinations,  respectivdy,  is  well  eshtablished  in  the 
literature*.  Such  a  PL  spectrum  exhibiting  an  intense  2\k  peak  compared  to  the  1  \h  one, 
is  typicd  of  a  2DEG  system  having  the  Fermi  energy  £/  very  close  to  the  bottom  of  the 
second  electron  subband  £>.* 


FIG.  2.  a)  Phototrmsmittance  of  sample 
S4  (n  =  1.4  X  lO'^  cm  ')  obtained  at 
five  oifferent  temperatures.  Letter  A 
marks  die  signal  from  the  Fermi-edge 
singularity  b)  Photoluminescence  of  S4 
obtained  at  1 1  K. 


FIG.  3.  Phototransmittance  spectra  of 
four  of  our  HEMT  structures  with 
different  values  of  electron  density, 
obtained  at  IDS  K.  The  small  vertical 
lines  indicate  the  position  of  the 
Fermi  level.  The  dotted  line  marks  the 
position  of  the  bottom  of  the  n  =  2 
subband. 
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According  to  a  simple  estimation  E)  —  E\  ot  (xA*/mJ)n,  =  53.0  meV,  while  from  an 
inspection  of  the  PL  data  of  Fig.  2  b),  £]  —  £i  ^  56  meV,  implying  that  Ej  is  only  3  meV 
below  the  n  =  2  level.  In  this  case  the  n  =  2  subband  is  populated  at  11  K.  In  contrast 
to  PL  observations,  the  1  Ih  transition  could  not  be  resolved  in  the  low  temperature  PT 
spectra  of  Fig.  2  a)  due  to  phase  space  filling  which  quenched  absorption.  In  the  high 
energy  part  of  the  spectra,  peak  C  is  associated  with  the  n  =  3  electron  level  while  a 
weak  and  broad  feature,  with  a  high  energy  tail  denoted  by  B,  is  attributed  to  the  2lh 
band-to-band  transition*.  Superimposed  on  B,  a  sharp  and  intense  exciton-like  feature  A, 
consisting  of  a  positive  and  a  weaker  negative  lobe,  dominates  the  1 1  K  PT  spectrum  at 
the  21 A  transition  energy. 

It  is  known*’***  that  excitons  dominate  the  electromodulation  spectra  of  undoped  QWs 
at  all  temperatures.  However,  in  PM-HEMTs  with  a  high  value  of  n,  as  in  the  case  of  S4, 
the  appearence  of  an  exciton-like  PT  signature  at  the  21A  transition  is  not  expected,  since 
the  single-electron— hole  exciton  is  considered  to  be  screened  by  the  dense  2DBG.  Also,  the 
temperature  sensitivity  is  unexpectedly  large,  as  seen  from  Fig.  2  a),  where  the  intensity 
of  feature  A  decreases  rapidly  with  increasing  temperature.  This  is  in  contrast  with  the 
behaviour  of  peak  B,  the  intensity  of  which  remains  constant  as  the  temperature  of  the 
measurement  changes.  At  185  K,  A  is  only  weakly  visible  at  the  low  energy  side  of  the 
dominant  peak  B,  while  at  225  K,  the  former  completely  disappears  from  the  PT  spectrum. 
This  behaviour,  is  distingtly  different  from  the  one  characterizing  the  excitonic  PT  and  PR 
spectra  of  undoped  QWs.  In  the  latter  case*’*®,  the  intensity  decreases  in  a  much  slower 
rate,  and  the  exciton  remains  strong  and  well-resolved  up  to  room  temperature.  This  is 
also  confirmed  by  the  295  K  spectrum  of  the  reference  (undoped)  sample  shown  in  Fig.  1 . 

Considering  the  difference  with  the  well-known  behaviour  of  the  single-electron—  hole 
exciton,  it  is  proposed  here  that  feature  A  in  Fig.  2  a)  originates  from  the  modulation  of  a 
correlation-enhanced  21A  excitonic  absorption.  The  enhancement  is  due  to  the  energy  prox- 
inuty  of  the  n  =  2  state  and  the  Fermi  energy  level*,  which  leads  to  a  many-electron— hole 
Coulomb  interaction,  known  as  Mahan  exciton.  The  latter  manifests  itself  as  an  enhanced 
absorption  peak  near  the  Fermi  energy*  (the  Fermi-edge  singulatity  (FES))  exhibiting  an  in¬ 
creased  temperature  sensitivity.  Indeed,  as  the  temperature  rises,  the  Fermi  surface  smears 
out*  approximately  as  '^k^T,  so  that  electron  correlation  weakens,  leading  to  a  marked 
decrease  of  the  excitonic  21 A  oscillator  strength  enhancement.  This  explains,  at  least  qual¬ 
itatively,  the  temperature  sensitivity  of  the  modulation  absorption  signal  A  in  Fig.  2  a). 
Similar  behaviour  of  the  21A  excitonic  enchancement  has  been  observed  by  Scolnick  et  al.* 
in  photoluminescence-excitation  (PLE)  experiments.  In  that  work,  for  a  sample  where  Ef 
was  ~1  meV  below  the  n  =  2  level  (a  situation  resembling  that  in  the  present  work)  a  de¬ 
crease  in  the  enhancement  by  a  factor  of  0.7  has  been  observed  *  from  2  to  40  K.  This  is  to 
be  compared  with  an  estimated  decrease  of  the  PT  signal  intensity,  by  a  factor  of  0.3,  from 
11  to  78  K  as  seen  from  Fig.  2  a).  It  is  worth  mentioning  that  the  21 A  excitonic  enhance¬ 
ment  was  not  observed  in  the  PR  spectra  of  Yin  et  al.*,  at  the  lowest  attained  temperature 
of  79  K,  although  it  was  clearly  present  in  our  PT  spectra  for  the  same  temperature  (Fig. 
2  a)).  This  difference  in  observation  may  be  explained  considering  that  in  the  work  of  Yin 
et  al.*  Ef  was  a  few  meV  above  E2,  leaving  the  n  =  2  subband  heavily  populated.  The 
latter  has  probably  caused  a  rapid  quenching  of  the  21A  exciton  enchancement,  similar  to 
what  has  been  observed  by  Skolnick  et  al.*,  where  the  21 A  exciton  could  not  be  observed 
above  38  K  in  a  sample  having  Ef  —  Ei  —  4-3.5  meV. 

The  PT  spectra  of  four  of  our  HEMT  samples,  obtained  at  105  K,  are  shown  in  Fig. 
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3.  The  FES  signal  is  not  resolved  in  samples  S2  and  S3  with  the  lowest  values  of  electron 
density.  This  is  because  the  Fermi  energy  is  well  below  the  bottom  of  the  n  =  2  electron 
subband,  leaving  the  latter  only  lightly  populated.  The  FES  feature  is  clearly  visible  in 
sample  S4  where  the  Fermi  level  approaches  ^  and  its  intensity  is  increased  in  S5  (the 
sample  with  the  highest  n,  value),  since  in  this  case  the  second  subband  becomes  heavily 
populated.  The  increase  of  the  FES  signal  intensity  with  increasing  electron  density  further 
supports  the  assignment  of  this  peak  (peak  A  in  Fig.2  and  3)  to  a  many— electron-hole 
exciton.  This  behavior  is  in  contrast  with  the  single— electron  exciton  at  llh  transition, 
which,  as  shown  in  Fig.  1,  is  quenched  in  the  presence  of  a  high  density  2DEG. 

CONCLUSIONS 

Using  modulation  spectroscopy  in  pseudomorphic  HEMT  structures,  we  investigated 
the  properties  of  the  two-dimensional  electron  gas,  such  as  the  exciton  screening  and  the 
Fermi-edge  singularity.  Electron  density  values,  obtained  by  fitting  the  phototransmittance 
spectra  at  room  temperature,  were  in  good  agreement  with  the  Hall  data  for  two  of  the 
examined  structures. 
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ABSTRACT 

InP-based  lattice  matched  high  electron  mobility  transistor  (HEMT)  structures  have  been 
characterized  by  liquid  nitrogen  temperature  photoiuminescence.  A  phenomenological  line 
shape  model  has  been  utilized  to  fit  photoiuminescence  spectra  in  order  to  obtain  key  parameters, 
such  as  the  subband  energies  and  transition  amplitudes.  From  transition  amplitude  ratios  and  sub¬ 
band  energies,  fundamental  quantum  well  characteristics  are  inferred.  Changes  in  these  parame¬ 
ters  are  linked  to  variations  in  the  growth  conditions  of  the  epitaxial  layer  structures. 


INTRODUCTION 

Lattice  matched  InP-based  high  electron  mobility  transistors  (HEMTs)  have  emerged  as  a 
primary  choice  for  an  assortment  of  microwave  applications.  To  obtain  peak  performance,  the 
epitaxial  structure  and  subsequent  device  processing  steps  must  be  optimized.  Numerous  tech¬ 
niques  have  been  used  to  characterize  the  epitaxial  structure:  variable  temperature  Hall  and 
Shubnikov  de  Haas  measurements,'  ^  double  crystal  X-ray  diffraction,^  photoreflectance.^  capac¬ 
itance-voltage  (CV)  profiling  and  secondary  ion  mass  spectroscopy  (SIMS),^  *  and  low  tempera¬ 
ture  (~4  K)  photoiuminescence  (PL).^  In  this  paper,  we  present  a  liquid  nitrogen  (77  K)  tempera¬ 
ture  PL  characterization  technique  that  utilizes  a  phenomenologic^  line  shape  model  to  fit  the 
PL  spectra.  The  parameters  extracted  from  the  fiL  such  as  the  subband  energies  and  transition 
amplitude  ratios,  can  be  used  to  determine  variations  in  quantum  well  composition  and  symme¬ 
try  that  can  be  related  to  intentional  and  unintentional  changes  in  the  growth  conditions.  This 
technique  can  provide  rapid  feedback  with  little  sample  preparation. 


EXPERIMENTAL  DETAILS 

The  InP-based  lattice  matched  HEMT  structures  used  in  this  study  consisted  of  an  undoped 
InAlAs  buffer  layer,  a  400  A  thick  undoped  InGaAs  channel  layer,  an  undoped  InAlAs  spacer 
layer,  a  Si  delta  doped  layer,  an  InAlAs  Schottky  layer,  and  an  InGaAs  cap  layer.  The  structures 
were  grown  in  a  VG  80H  molecular  beam  epitaxy  (MBE)  machine,  or  in  a  horizontal 
atmospheric  pressure  metalorganic  chemical  vapor  deposition  (MOCVD)  reactor.  All  were 
grown  on  Fe-doped  InP  substrates  oriented  2®  off  the  (100)  plane.  For  MBE  growth, 
conventional  elemental  gallium,  indium,  and  aluminum  sources  were  used  with  AS4  at  a  growth 
rate  of  0.6  pm/hr  with  silicon  as  the  dopant.  The  InAlAs  Schottky  layer  and  the  InGaAs  cap 
layer  were  doped  to  a  carrier  concentration  of  3x101’^  cm'3.  For  MOCVD  growth, 
Trimethylindium  (TMI),  trimethylaluminum  (TMA),  trimethylarsenic  (TMAs),  trimethylgallium 
(TMG)  and  pure  arsine  were  used  as  the  source  materials.®  Disilane  diluted  in  high  purity 
hydrogen  was  the  pulse  dopant  source.  One  of  the  samples  did  not  contain  a  Si  doping  pulse, 
and  the  InAlAs  Schottky  and  InGaAs  contact  layers  for  all  three  samples  were  undoped.  A 
summary  of  the  differences  among  the  samples  is  given  in  Table  I. 
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Table  L  Siunmary  of  Sample  Diffiereiices. 


Sample 

Method 

Puked  Doped 

Tgrowth 

Spacer  Thkkness 

G23032 

MBE 

yes 

T,  +  60 

t 

s 

t 

s 

G23602 

MBE 

yes 

T, 

M01237 

MOeVD 

yes 

^2 

t 

s 

M01243 

MOeVD 

yes 

^2 

2t 

s 

M01233 

MOeVD 

no 

T, 

The  514.5  nin  line  of  an  Ar"'’  laser  was  used  to  excite  the  samples  for  the  PL  spectra.  Peak  power 
densities  were  between  0.5  and  2  W/cm^.  The  signal  was  dispersed  through  a  1  m  double 
monochromator  with  a  spectral  resolution  of  0.7  raeV,  and  sensed  with  a  cooled  high  purity  Ge 
detector  using  phase  sensitive  detection.  All  spectra  were  corrected  for  system  response. 


LINE  SHAPE  MODEL 

The  phenomenological  line  shape  model  used  to  fit  77  K  PL  spectra  has  been  described  in 
detail  elMwhercJ  and  will  be  reviewed  briefly  here.  It  includes  transitions  between  the  first  two 
electron  subban^  and  the  first  two  heavy  bole  subbands  (Since  quantum  confinement  shifts  the 
light  hole  subbands  to  higher  energies,  they  are  neglected).  The  intensity  of  a  direct  optical 
transition  between  an  electron  and  hole  subband  at  a  given  photon  energy,  hv,  depends  upon  the 
joint  density  of  states,  D(hv),  the  respective  occupation  probabilities  of  the  two  subbands,  fjfhv) 
and  f|,(hv),  and  a  coefficient.  A,  which  includes  the  interband  matrix  element: 


I(hv)  =  AD(hv)fe(hv)fi,(hv). 


(1) 


For  our  400  A  quantum  wells,  the  joint  density  of  states  is  assumed  to  be  that  of  a  two 
dimensional  system  represented  by  a  broadened  step  function  in  photon  energy  centered  on  the 
bandgap^-* 


D(hv)  oc  l/{  l+exp[-(hv  -  Egj/T] },  (2) 

where  Eg  is  the  energy  gap  separating  the  two  subbands,  F  is  the  broadening  parameter,  and  non- 
parabolicity  is  neglected.  The  occupation  probability  of  the  electron  subband  is  given  by  a  Fermi 
distribution,  which  as  a  function  of  photon  energy  can  be  written  as^ 


fe(hv)  =  l/[  l4exp{{  [m|/(rae+mi^]  hv+[me/(me+m|,)]Eg-Ef  )/kT)].  (3) 


At  77  K,  there  is  insufficient  thermal  eneigy  to  delocalize  holes,  so  their  occupation 
probability  is  not  given  by  a  Fermi  distribution.  Also,  the  strong  power  densities  used  in  this 
work  (0.5  to  2.0  W/cm^)  preclude  the  assumption  of  a  Boltzmann  distribution  for  the  holes.  In 
order  to  fit  the  PL  spectra  satisfactorily  at  77  K,  holes  must  be  available  over  a  considerable 
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wavevector  (or  energy)  range  suggesting  that  the  holes  are  spatially  localized,  due  to  alloy 
disorder  or  interface  roughn^.’  the  localized  hole  is  assumed  to  have  a  hydrogen-like 
wavefunction  with  a  characteristic  radius  sq,  4'(r)=e'P*  (where  ^1/ao),  then  the  hole  probability 
distribution  in  k-space  can  be  written  as'** 


fh=l/(l+Eh/Eh3c)2. 


(4) 


where  l^=h%^/2m|,  is  the  hole  energy  (defined  as  positive  with  increasing  k^)  and 
E|Qc=h2p^/2mi,  is  the  hole  localization  energy.  In  terms  of  the  photon  energy,  the  hole 
occupation  probability  is^ 


1,  hv<E 

g 

l/{  l+[m  +m^ )](  hv-E^  )/E^)2 .  hv  . 


(5) 


Since  asymmetry  of  a  quantum  well  can  mix  wavefunctions,  the  total  PL  intensity  can  be 
modelled  as  the  sum  of  all  possible  direct  optical  transitions  between  the  first  two  electron  and 
first  two  heavy  hole  subbands,^ 


ICnv)  =  I..  A..  D(hv)f^.  (hv)f^  (hv) ,  (6) 

where  Ajj  are  the  numerical  coefficients  that  include  the  interband  matrix  elements.  For 
transitions  involving  the  first  heavy  hole  subband,  ^  in  Eqs.  (2),  (3),  and  (S)  is  simply  the 
energy  of  the  relevant  electron  subband.  For  transitions  involving  the  second  heavy  hole 
subband  in  order  to  keep  a  single  reference  energy  for  multiple  transitions,  hv  is  replaced  by  hv- 
AE|,  and  E|^  by  Eipc-AEt,,  where  AE|,  is  the  seperation  between  the  heavy  hole  subbands. 
Details  are  ^en  in  Ref.  7. 

To  evaluate  Eqs.  (3)  and  (5),  the  in-plane  effective  masses  of  electrons  and  holes  must  be 
known.  Electron  effective  masses  have  been  determined  by  interband  magnetoabsorption  mea¬ 
surements"  and  cyclotron  resonance.'^*’  For  doped  quantum  wells,  the  electron  effective  mass 
was  taken  to  be  0.049,'^  while  for  the  undoped  structure  a  value  of  0.041  was  used."-'^  In  the 
absence  of  any  experimental  data  on  quantum  wells,  the  bulk  value  of  0.47  was  used  for  the 
heavy  hole  effective  mass." 


RESULTS 

Figure  1  shows  the  78  K  PL  spectrum  of  a  typical  single  pulse  doped  lattice  matched  InP 
based  HEMT  (G23062)  grown  by  MBE  and  the  corresponding  Ht  of  the  line  shape  model 
(dashed  line).  The  agreement  between  the  fit  and  the  data  is  quite  good.  There  is  evidence  in  the 
spectra  for  at  least  two  transitions  denoted  by  a  pe^  and  a  low  energy  shoulder.  The  peak 
corresponds  to  the  e2-hhl  transition,  and  the  shoulder  corresponds  to  the  el-hhl  transition.  The 
ratio  of  the  numerical  coefficients  A21  and  Aij  (equivalent  to  the  ratio  of  the  cortesMnding 
interband  matrix  elements)  determii^  from  the  nt  is  A2i/A]i  =  6.3.  Figure  2  ^ows  a 
qualitative  schematic  of  the  asymmetric  quantum  well  structure  of  the  InP  based  HEMT.  The 
A2i/Ai]ratio  is  not  surprising  since  the  asymmetry  of  the  quantum  well  structure  shown  in  the 
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Figure  1.  A  78  K  photoluminescence  spec¬ 
trum  of  a  single  pulse  doped  lattice  matched 
InP-based  HEMT  grown  by  MBE.  The  peak 
corresponds  to  the  e2-hhl  transition,  and  the 
shoul^r  to  the  el-hhl  transitioru  The  solid 
curve  is  the  experimental  spectrum;  the 
dashed  line  is  the  fit  to  the  model. 


Figure  2.  Qualitative  schematic  of  an 
asymmetric  quantum  well  structure  from  a 
single  pulse  doped  lattice  matched  InP- 
based  HEMT. 


schematic  causes  a  large  spatial  overlap  beween  the  e2  and  hhl  wavefunctions  compared  to  that 
of  the  el  and  hhl  wavefunctions.  From  the  fit,  the  energies  of  the  two  lowest  electron  subbands 
(referenced  to  the  top  of  the  first  heavy  hole  subband)  are  0.778  and  0.802  eV.  The  hole 
localization  energy  is  34  meV,  corresponding  to  a  spatial  localization  radius  of  about  IS  A. 

Figure  3  shows  the  78  K  PL  spectrum  and  corresponding  fit  of  a  second  InP-based  HEMT 
structure,  G23032,  grown  by  MBE.  The  shoulder  intensity  of  the  el-hhl  transition  is  much 
stronger  relative  to  the  e2-hhl  peak  intensity  than  for  sample  G23062.  Sample  G23032  was 
structurally  similar  to  G23062  except  that  the  InGaAs  cap  layer  was  about  twice  as  thick,  and  the 
undoped  ItiAlAs  buffer  layer  was  about  one  third  as  thick.  A  comparison  between  the  two 
samples  for  the  fitted  parameters;  A2i/Aij,  Ei,  E2,  and  E2-E1,  is  given  in  Table  II.  The  table 
also  shows  the  77  K  Hall  carrier  concentrations,  077,  and  mobilities,  H77.  The  A21/A1 1  ratio  was 
significantly  less  for  G23032  than  for  G23()62  Indicating  that  the  quantum  well  from  G23032 
was  more  symmetric.  Also,  the  H77  value  was  considerably  greater  for  G23032  than  for  G23()62 
suggesting  that  the  degree  of  ioniz^  impurity  scattering  from  the  Si  delta  doped  layer  was  less 
for  G23032  than  for  G23()62.  SIMS  profiles  revealed  that  the  Si  delta  doped  layer  was 
broadened  to  a  much  greater  extent  via  surface  segregation  for  G23032  than  for  G23062. 
Broadening  of  the  Si  ^Ita-doped  layer  by  surface  segregation  would  reduce  the  degree  of 
ionized  impurity  scattering  at  77  K  and  also  cause  the  InGaAs  quantum  well  to  be  less 
asymmetric,  since  the  electric  field  between  the  Si  doping  pulse  and  the  edge  of  the  well  would 
be  smaller.  Sample  G23032  was  grown  at  a  substrate  temperature  about  60  degrees  hotter  than 
sample  G23062,  and  the  higher  growth  temperature  was  believed  to  responsible  for  the  increased 
surface  segregation.  Sample  G23032  showed  a  slightly  higher  n77  value  than  G23062,  which 
may  have  been  caused  by  an  increased  parallel  conduction  contribution  from  the  delta  doped  Si 
that  surface  segregated  into  the  InAlAs  Schottky  layer.  The  larger  Ei  value  from  G23032 
indicated  that  the  hi  mole  fraction  in  the  InGaAs  quantum  well  was  lower  for  G23032  than  for 
G23062.  Finally,  from  the  SIMS  profiles  of  the  two  samples,  it  was  determined  that  the  InGaAs 
quantum  well  was  about  3(>40  A  wider  for  G23062.  However,  the  subband  energy  seperation. 
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Figure  3.  A  78K  photoluminescence 
spectrum  of  a  second  lattice  matched  InP 
based  HEMT,  G23032,  grown  by  MBE. 
Note  that  the  intensity  of  die  el-hhl  transi¬ 
tion  is  stronger  relate  to  die  e2-hhl  peak 
transition  than  for  G23062  (Figure  1). 


Figure  4.  Two  78  K  photoluminescence 
spectra  of  two  single  pulse  doped  lattice 
matched  InP-based  HEMTs,  M01237  and 
M01243,  grown  by  MOCVD,  MOI243  had  an 
InAlAs  spacer  thickness  twice  that  ofM01237. 


E2-E1,  was  slightly  greater  for  G23062  than  for  G23032  indicating  that  the  effective  width  seen 
by  the  lower  electron  subbands  is  also  affected  by  the  slope  of  the  triangular  potential  at  the 
bottom  of  the  well 

Figure  4  shows  the  78K  PL  spectra  of  two  MOCVD  grown  InP-based  lattice  matched  single 
pulse  doped  HEMT  structures,  M01237  and  M01243,  and  Table  n  shows  the  78  K  PL 
parameter  values  and  77  K  Hall  results.  The  shoulder  intensity  of  the  el-hhl  transition  was 
much  stronger  relative  to  the  e2-hhl  peak  intensity,  and  subsequently  the  A21/A1J  ratio  was 
significantly  less  for  sample  M01243  than  for  M01237  attesting  that  the  quantum  well  from 
M01243  was  more  symmetric.  The  Ej  values  from  the  two  fits  were  almost  identical  indicating 
that  the  In  mole  fractions  in  the  InGaAs  quantum  wells  ftom  the  two  samples  were  similar.  The 
077  value  was  considerably  less  and  the  \l^^  value  almost  double  for  MOr243  than  for  M01237. 
Ihe  growth  parameters  from  both  samples  were  identical  except  that  M01243  had  an  InAlAs 
spacer  thickness  twice  that  of  M01237.  A  doubling  of  the  spacer  thickness  would  cause  ^77  to 
increase  due  to  less  ionized  impurity  scattering  from  the  Si  doping  pulse,  077  to  decrease  due  to 
less  charge  transfer  from  the  Si  dblta  doped  layer  into  the  InGaAs  quantum  well,  and  the 
quantum  well  shape  to  be  more  symmetric  due  to  the  reduced  electric  field.  The  comparison  of 
the  ^j/Aii  ratio  and  the  Hall  measurement  results  confirmed  the  spacer  thickness  variation. 

Tm  lnv|UAs  spacer  thickness  was  the  same  for  the  two  MBE  samples  and  M01237,  yet  the 
A21/A11  ratio  was  significantly  less  and  the  07^  value  was  considerably  greater  for  M01237  than 
for  the  two  MBE  samples.  This  comparison  indicated  that  the  quantum  well  for  M01237  was 
mote  symmetric  even  though  it  contained  a  higher  electron  sheet  density.  These  results  could 
have  bran  possible  if  the  conduction  and  valence  bands  in  die  well  near  the  InAlAs  buffer 
interface  were  lower  relative  to  the  Fermi  level  for  sample  M01237  than  for  the  two  MBE 
samples.  In  fact,  the  MOCVD  buffer  layers  have  Si  concentrations  in  the  low  10^^  cm'^  range,^ 
whmeas  the  Si  concentration  in  the  MBE  buffer  layers  was  less  than  the  SIMS  detection  limit  of 
SxlO^^  cm'3.  Thus  the  differences  in  the  electrically  active  Si  concentrations  between  the 
MOCVD  and  MBE  InAlAs  buffer  layers  lead  to  different  Fermi  energy  pinnings  in  the  buffer 
layers,  which  causes  the  well  from  M01237  to  be  mote  symmetric. 

Finally,  Table  n  shows  the  fitting  parameters  determined  from  a  fit  to  the  78  K  PL  data  from 
sample  M01233,  which  did  not  contain  a  Si  doping  pulse.  The  A21/A11  ratio  of  0.58  was  much 
less  and  the  E2-E1  value  of  1 1  me  V  was  much  lower  for  M01233  than  for  the  two  MOCVD  and 
two  MBE  samples.  These  values  confirm  die  expectation  that  the  quantum  well  was  much  more 
symmetric  for  the  sample  without  the  Si  pulse  than  for  the  other  four  samples. 
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Table  IL  Photoluiiiiiicscciice  and  77  K  Transport  Parameters. 


Sample 

A21/A11 

El(«V) 

E2(«V) 

E2-Ei(iii*V) 

"77 

(*l*12em-*) 

VT) 

(il«*aB*/V.« ) 

G23032 

4.5 

0.797 

0.819 

22 

3.30 

2.92 

G23062 

6.3 

0.778 

0.802 

24 

2.94 

2.39 

M01237 

3.5 

0.796 

0.816 

19 

3.94 

2.28 

M01243 

2.1 

0.797 

0.814 

17 

3.16 

4.28 

M01233 

0.58 

0.807 

0.818 

11 

- 

- 

SUMMARY 

This  woric  has  shown  that  liquid  nitrogen  PL  is  sensitive  to  subtle  variations  in  InP-based 
lattice  matched  HEMT  structures.  Quantitative  energy  and  transition  amplitude  information 
have  been  extracted  through  fitting  a  phenomenolgical  fine  shape  model  to  the  PL  spectra.  From 
the  subband  energies,  changes  in  well  composition  were  inferred.  Variations  of  the  relative 
intensities  of  the  “allowed”  el-hhl  transition  versus  the  “forbidden”  e2-hhl  were  related  to 
changes  in  effective  synunetry  of  the  InGaAs  quantum  well,  which  was  affected  by  InAlAs 
spacer  thickness,  the  degree  of  surface  segregation  of  the  Si  delta-doped  layer,  and  the  InAlAs 
buffer  layer  quality. 
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PHOTOREFLECTANCE  CHARACTERIZATION  OF  InGaAs/GaAs 
SUPERLATTICES  GROWN  ON  [1111-ORIENTED  SUBSTRATES 
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ABSTRACT 

We  report  the  results  of  a  phototeflectance  (PR)  study  of  InGaAs/GaAs  strained-layer 
quantum  wells  and  superlattices  (SLSs)  grown  by  MBE  on  [1 1 1]B  GaAs  substrates.  Under  our 
measurement  conditions,  the  PR  spectra  display  features  we  can  relate  to  the  bandgaps  of  both 
materials  and  to  optical  transitions  in  the  quantum  structures.  Using  the  photovoltaic  effect  to 
vary  the  surface  electric  field  of  our  i-n*  and  p*-i-n*  samples  in  a  strictly  contactless  manner, 
we  find  optical  transitions  red-shifting  with  increasing  intensity  of  illumination  from  a  CW 
HeNe  laser  in  [1 1  l]-grown  structures,  a  well  known  effect  which  can  be  attributed  to  the  strain¬ 
generated  electric  field  (SGEF)  present  in  these  structures.  We  also  find  experimental  support 
for  the  predicted  effectiveness  of  free-carriers  in  screening  the  SGEF  and  thereby  originating 
highly  non-linear  absorption. 


INTRODUCTION 

In  the  past,  difficulties  found  in  the  MBE  growth  have  limited  the  number  of 
experimental  studies  of  [1 1  l]-oriented  InGaAs/GaAs  SLSs  but  we  are  now  able  to  grow  high 
quality  structures  in  this  orientation'.  Compound  semiconductor  SLSs  grown  on  [1 1  l]-oriented 
substrates  feature  a  SGEF  across  their  layers  directed  along  the  growth  axis*.  These  structures 
are  expected  to  display  novel  optical  and  transport  properties  as  predicted  by  existing  theory, 
which  may  have  unique  applications’.  Photorefiectance  (PR)  is  an  established  non-destructive 
characterization  tool  of  semiconductor  microstructures,  requiring  no  sample  preparation,  and 
capable  of  accurately  determining  the  energy  location  of  even  weak  electronic  transiiions^’.ln 
this  study  we  compare  spectra  from  [111]B-  and  [100]-grown  samples  containing  single 
quantum  wells  and  superlattices.  Most  of  these  samples  have  i-n*  or  p*-i-n*  diode-like  suucture 
with  the  thin  quantum  layers  inserted  in  their  intrinsic  region,  so  that  under  equilibrium 
conditions  these  layers  are  subject  to  intense  electric  fields  (<»10’V/cm).  These  fields  can 
easily  be  reduced  in  a  contactless  manner  by  shining  a  powerful  laser  light  onto  the  surface 
of  the  sample.  In  the  [llljB-grown  samples,  an  SGEF  is  also  present  with  a  magnitude  that 
can  exceed  that  of  the  diode's  field  and  pointing  in  the  opposite  direction.  The  SGEF  is  also 
expected  to  be  drastically  screened  by  free  carriers*.  In  Fig.  1  we  represent  the  band  diagram 
that  models  these  [1 1 1]B  structures  for  the  case  of  just  one  quantum  well.  In  this  particular 
material  system,  the  concentration  of  indium  in  the  well  layer  determines  both  the  well  depth 
and  the  intensity  of  the  SGEF.  Published  studies  of  similar  [111]  structures  include  an 
observation  of  the  blue  shift  with  increasing  electric  field  of  quantum  well  absorption  peaks 
and  the  determination  of  the  SGEF  in  a  contacted  p-i-n  QW  at  77K  using  the  photocurrent 
technique’,  and  the  contactless  measurement  of  the  SGEF  through  an  analysis  of  the  Franz- 
Keldysh  oscillations  obtained  about  the  fundamental  gap  of  GaAs  in  PR  tests  of  an  i-n*  QW 
sample'*.  [100]  structures  in  the  InGaAs/GaAs  system  have  been  extensively  studied  using  PR"  '’. 
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Table  I 

MBE  quantum  stnicturea  in  the  InGaAa/GaAa  system 


Ref. 

Orient. 

•  QWa 

QW 

width 

(A) 

QW 

•pacing 

(A) 

In  cone. 
(%) 

Type 

G321 

[HUB 

11 

70 

140 

12 

undoped 

G342 

[HUB 

10 

-140 

EH 

G345  -a 

[HUB 

1 

-100 

NA 

15 

i-n* 

G345  -b 

[1001 

1 

-100 

NA 

15  ? 

i-n' 

G409-a 

[HUB 

10 

-70 

-140 

-6  ?(PR) 

p*-i-n* 

G409-b 

[100] 

10 

-70 

-140 

-6  ?(PR) 

q.Vdiode 


Ec 


—  [tlllB 


Fig.  1  -  Band  liagraro  of  a  [Ill]B-grown  p-i-n  InGaAs/GaAs  strained-layer  QW  structure. 
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EXPERIMENTAL 


The  optimized  MBE  procedure  used  to  grow  on  [111]B  GaAs  surfaces  has  been 
described  elsewhere'.  The  main  rules  are  to  grow  on  GaAs  substrates  tilted  3°  towards  the 
(211)  direction,  to  grow  at  the  low-temperature  end  of  the  Vl^V19  surface  reconstruction 
region  (about  S40°C),  and  under  an  As/Ga  flux  ratio  of  10.  A  total  of  1 1  samples  grown  on 
[1 1 1]B  and  on  (1(X)]  substrates  were  inspected  using  PR.  The  structures  of  the  relevant  samples 
for  this  study  are  presented  in  Table  I.  Our  photoreflectance  setup  employs  a  Schoeffel  GH252 
high  intensity  grating  monochromator  with  a  focal  length  of  0.2Smeter,  illuminated  by  a  3S0W 
quartz-tungsten-halogen  lamp.  Its  output  beam  is  the  probe  beam  for  PR  and  is  focused  onto 
a  spot  of  approximately  6mmxlmm.  The  whole  area  of  this  spot  is  modulated  by  the  chopped 
light  of  a  ImW  HeNe  laser,  carried  by  an  optical  fiber.  This  modulating  beam  is  defocused  on 
the  sample  and  has  a  total  power  of  14pW  over  an  area  of  about  .2Scm^  These  two  beams  are 
powerful  enough  to  produce  some  undesirable  screening  of  the  surface  fields  on  the  samples 
but  prohibitive  noise  levels  prevented  their  further  attenuation.  The  detector  is  a  silicon 
photodiode,  preceded  by  a  glass  filter  that  rejects  the  scattered  laser  light  of  632.8nm.  The 
signal  from  the  detector  is  input  to  a  PAR  preamplifier  and  the  output  of  this  is  fed  both  to  a 
DC  voltmeter  and  to  a  PAR  model  124  lock-in  amplifier.  These  two  instruments  feed  their 
output  to  the  A/D  board  of  a  PC  which  also  reads  the  wavelength  information  from  the 
monochromator.  A  second  HeNe  laser,  this  one  not  chopped  (CW),  is  available  to  shine 
approximately  an  additional  3SmW/cm^  light  onto  the  probe  beam  spot.  Together  with  a 
collection  of  neutral  density  filters,  this  laser  can  be  used  to  screen  the  surface  field  of  a 
sample  and  in  this  way  obtain  PR  spectra  under  different  electric  field  intensities  (three-beam 
PR)  without  need  for  electrical  contacts. 


RESULTS  OF  MEASUREMENTS  AND  DISCUSSION 

Fig.  2  represents  two  out  of  a  collection  of  PR  spectra  obtained  from  a  [1 1 1]B  i-n* 
single  QW  sample  (G345  -a).  The  only  difference  between  the  conditions  under  which  these 
spectra  were  obtained  was  the  intensity  of  the  CW  laser  beam.  In  the  range  of  beam  intensity 
that  we  were  able  to  scan,  spectral  features  A  through  G,  corresponding  to  confined  transitions 
in  the  quantum  well,  consistently  shift  to  the  red  as  the  CW  laser  intensity  increases,  i.e.,  as 
the  diode  electric  field  decreases.  This  effect  could  be  expected’  and  provides  evidence  for  the 
presence  of  SGEF  in  the  quantum  well  layer.  The  energy  position  of  the  lowest  lying  of  these 
features  further  confirm  that  indium  was  incorporated  to  within  the  desired  concentration  during 
growth.  In  analogous  spectra  of  one  other  sample  grown  simultaneously  with  this  one  but  on 
a  [100]  substrate  (G34S  -b)  our  method  revealed  blue  shifts  with  increasing  CW  laser  beam 
intensity  as  expected  in  a  QW  without  SGEF.  Other  authors'®  have  reported  finding  Franz- 
Keldysh  oscillations  but  no  quantum  well  spectral  features  in  similar  samples.  Fig.  3  represents 
a  collection  of  PR  spectra  obtained  from  a  [1I1]B  all  intrinsic  material  superlattice  sample 
(G321).  The  most  intense  feature  is  at  the  bandgap  energy  of  GaAs.  We  do  not  find  any  energy 
shift  of  the  features  as  we  shine  a  CW  laser  light  onto  the  sample.  Fig.  4  represents  a  collection 
of  PR  spectra  obtained  from  a  [1 1 1]B  p*-i-n’  superlattice  sample  (G342).  The  only  difference 
between  the  conditions  under  which  these  spectra  were  obtained  was  again  the  intensity  of  the 
CW  laser  beam.  In  features  A  through  H  we  observe  a  shift  to  the  red  as  the  CW  laser  beam 
intensity  increases.  In  features  A  through  D  as  the  beam  intensity  keeps  increasing  we  observe 
a  blue-shift  after  the  initial  red  shift.  For  a  [100]  p*-i-n*  superlattice  sample  (G409  -b)  we 
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E(eV) 

Fir.  4  -  PR  Spectra  of  a  [lUlB-growii  p*-i*a*  InGaAsAGaAs  stiained-layet  superlamcc 
stnictiiie  under  different  intensities  of  CW  laser  illumination. 


Rg.  5  -  Proposed  band  diagram  of  a  [llllB-grownt  p-i-n  InGaAs/GaAs  strained-layer  QW 
structure  under  bias. 
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obtained  exclusively  blue-shifts  with  incieasing  CW  laser  beam  intensity.  A  red-shift  with 
decreasing  etoctiic  field  of  a  superlattice  transition  can  be  due  to  broadening  of  superlattice 
minibands  In  the  present  case  the  high  intensity  of  the  diode  field,  the  sharpness  and 
high  intensity  of  the  observed  peaks,  the  fact  that  in  the  [  100]  superlattice  only  blue  shifts  with 
incieasing  CW  laser  beam  intensity  could  be  found,  and  the  observation  of  similar  red-shifts 
with  incieasing  CW  laser  beam  intensity  in  the  (111]B  single  QW  sample  lead  us  to  propose 
that  in  our  p*-i-n*  superlattices  a  near-complete  localization  occurs  (qFD»A,  where  F  is  the 
electric  Held,  D  is  the  superlattice  period  and  A  is  the  width  of  a  miniband)  .  If  this  is  the  case 
the  QWs  form  a  so-called  Stark  la^er  and  the  red-shifts  observed  can  be  interpreted  in  terms 
of  single  QW  levels.  Previous  work*  has  demonstrated  that  reverse  biasing  the  p*-i-n*  diode 
it  is  possible  to  reach  a  situation  in  which  the  field  of  the  diode  perfectly  cancels  the  SGEF 
and  the  quantum  well  reaches  a  flat-band  situation.  At  this  point  the  exciton  energy  position 
reaches  a  local  maximum  as  a  function  of  reverse  bias  intensity.  Our  experimental  results  now 
show  that  a  local  minimum  of  the  exciton  energy  position  as  a  function  of  forward  bias  exists 
in  our  sample.  This  suggests  that  another  way  to  reach  the  flat-band  situation  for  the  quantum 
well  is  to  engineer  the  sample  in  such  a  way  that  under  forward  bias  the  free  carriers  present 
screen  the  SGEF  faster  than  they  do  the  diode  field  (Fig.  S).  At  this  flat-band  point  the  energy 
location  of  the  exciton  will  reach  another  local  maximum.  Between  the  forward  bias  local 
maximum  and  the  reverse  bias  local  maximum  a  local  minimum  such  as  the  one  we  detected 
must  exist  In  some  of  our  diode-like  samples  we  tried  fitting  the  features  above  the  bandgap 
of  GaAs  to  an  expression  valid  in  the  intermediate  Held  regime  of  electroreflectance  in  bulk 
materials'*,  a  case  in  which  it  is  possible  to  observe  Franz-Keldysh  oscillations.  This  modelling 
was  found  inadequate,  leading  us  to  believe  that  these  features  are  affected  by  transitions 
involving  unconfined  levels. 
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ABSTRACT 

We  measured  photoreflectance  (PR)  spectra  at  different  temperatures  between 
80  and  300  K,  and  optical  absorption  (OA)  at  3  K  on  MOVPE  grown  Ini.xGaxAs 
nearly  lattice-matched  to  InP.  x-ray  diffraction  measurements  gave  a  lattice 
mismatch  da/ao  =  -0.9- 10-3  between  ternary  alloy  and  InP,  corresponding  to  x  = 
0.485.  We  obtained  the  energy  gap  dependence  on  T  from  PR  spectra.  The  blue 
shift  of  the  gap  was  accounted  for  in  terms  of  compositional  difference  with 
respect  to  the  perfectly  lattice  matched  alloy  (x  =  0.472),  and  elastic  strain; 
moreover  PR  and  OA  showed  evidence  of  the  valence  bands  splitting  at  ib  =  0  due 
to  interfacial  strain,  in  fine  agreement  with  theory. 


INTRODUCTION 

There  is  a  great  interest  in  Ini.xGaxAs  ternary  alloy  for  the  promi.,.ng 
applications  in  optoelectronic  and  high-speed  electronic  devices:  Ini.xGaxAs-InP 
heterostructure  lasers  emit  in  1. 3-1.7  (im  spectral  region  which  is  around  the 
maximal  transmission  window  of  the  quartz  optical  fibers.  Usually  III-V  alloys 
are  grown  on  standard  substrates,  including  InP.  Therefore  the  interfacial  lattice 
matching  condition  should  be  carefully  controlled  to  obtain  good  quality 
structures.  In  fact  a  lattice  mismatch  between  Ini.xGaxAs  and  InP  can  produce 
undesirable  effects,  like  misfits  and  dislocation  or  strain  that  influence  the 
device’s  performances. 

It  is  difficult  to  grow  Ini.xGaxAs  perfectly  matched  to  InP,  with  corresponding 
X  =  0.472.  Thus  x  is  usually  obtained  unintentionally  far  from  desired  values  even 
by  about  1%.  This  leads  to  a  small  mismatch  (Aa/ao  i  10-3)  in  the  heterostructure, 
but  it  is  sufficient  to  change  the  material’s  optical  properties. 

Biaxial  strain  produces  two  effects  on  the  bemd  structure  of  Ini.xGaxAs:  i)  it 
shifts  the  band  gap  at  higher  or  lower  energies  depending  on  the  sign  of  the 
strain;  ii)  it  removes  the  degeneracy  between  the  heavy  and  light  holes  in  the 
valence  band  at  k  =0.  Generally  the  band  gap  value  is  obtained  by 
photoluminescence  meastirements  only  indirectly  [1].  Photoluminescence  study 
can  explore  the  effect  i),  but  doesn’t  permit  observation  of  the  phenomenon  ii)  [1]. 
Instead  PR  can  determine  the  band  gap  with  higher  precision.  Moreover  OA  and 
PR  at  low  temperatures  permit  direct  observation  of  the  gap  splitting,  as  reported 
by  Zielinski  et  al.  [2],  also  in  nearly  lattice  matched  Ini.xGaxAs-InP 
heterostructure . 
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EXPERIMENIAL 


Ini-xGazAs  layers  0.6  thick  were  grown  epitaxially  on  n -doped  InP 
substrate  by  low  pressure  Metal  Organic  Vapour  Phase  Epitaxy.  The  growth 
temperature  was  650  °C.  Growth  rate  calibrations  were  performed  to  obtain 
perfect  lattice  matched  layers. 

High  resolution  x-ray  diffraction  profiles  (HRXRD)  were  obtained  using  CuKai 
(A.  =  1.54051  A)  radiation  and  four  crystal  (Ge,  220)  monocromator  at  room 
temperature.  They  yielded  the  value  of  ^e  tetragonal  deformation  of  Ini.zGaxAs 
epilayer  in  the  direction  normal  to  the  interface,  i.e.  the  mismatch 
Aa-t/ao=(a-‘--ao)/ao,  where  a-'-  is  the  Ini-xGaxAs  lattice  parameter  perpendicular 
to  the  interface  and  ao  is  the  InP  lattice  parameter. 

PR  measurements  were  performed  at  near  normal  incidence  with  an 
apparatus  having  a  HeNe  laser  as  a  pump  source  (X  =  6328  A  and  power  5  mW) 
and  a  100  W  halogen  lamp  as  a  probe  source.  The  laser  beam  was  mechanically 
chopped  at  a  firequency  of  220  Hz.  The  samples  were  mounted  on  a  cold  finger  of  a 
microminiature  Joule-Thomson  refrigerator  coupled  with  a  programmable 
temperature  controller  performing  measurements  in  the  80-300  K  temperature 
range. 

OA  spectra  were  measured  on  samples  immersed  in  liquid  helium  (T  =  3  K). 
The  detection  apparatus  consisted  of  a  1402  Spex  double  grating  spectrometer  and 
a  liquid  nitrogen  cooled  Ge  detector  of  North  Coast  Corp.  The  light  source  was  a 
100  W  halogen  lamp,  mechanically  chopped  at  a  frequency  of  85  Hz.  The  signal 
was  analysed  with  a  lock-in  system. 

RESULTS  AND  DISCUSSION 

In  Fig.  1  we  report  the  PR  spectra  of  the  heterostructure  at  different 
temperatures.  The  lineshapes  display  typical  Franz-Keldysh  oscillations  (FKO) 
which  strongly  resemble  that  observed  originally  by  electroreflectance  in  GaAs  [3] 
and  in  Ini.xGaxAs  [4,5]  for  an  intermediate  ele^ric  field  regime.  The  signal  /^R^ 
is  of  the  order  of  lO’^.  According  to  FKO  theory  [6],  the  energy  position  of  the 
extrema  in  the  PR  spectra  may  be  approximated  by 


En  =  Eo  +  ^GXn  (1) 

where  HQ  =  (h2e2Fg2/84)V3,  Xn  =  [3it(n-l/2)/2]2/3  for  a  3D  critical  point;  (n  =  1,2,...) 
is  the  extreme  index;  Fg  is  the  built-in  surface  electric  field,  and  a  is  the  reduced 
effective  mass  in  the  field  direction.  From  eq.  (1)  a  precise  value  of  the  energy  gap 
Eo  at  each  temperature  can  be  determined  plotting  En  versus  Xn.  For  all 
temperatures  the  plots  show  remarkable  linearity,  confirming  the  identification 
of  the  spectral  features  as  FKO.  Moreover  PR  spectra  exhibit  a  splitted  double 
band-gap  feature  as  observed  by  other  authors  [4]  in  a  sample  with  a  lattice 
mismatch  Aa/ao  greater  than  our  by  a  factor  of  two.  We  note  that  the  intensity  of 
the  signal  increases  as  the  temperature  decreases  and  the  period  of  oscillation 
strongly  decreases  implying  that,  according  to  eq.  (1),  also  Fg  decreases. 

We  see  that  at  nearly  200  K  the  main  negative  peak  (centred  at  0.77  eV  at  210  K) 
splits  in  two  substructures  which  become  more  resolved  by  decreasing  T,  and 
which  superimposes  itself  on  the  FKO  behaviour  of  aR/R.  We  will  explain  later 
that  this  behaviour  is  related  to  the  strain  at  the  interface  between  InxGai.xAs 
and  InP.  Now  we  note  that  the  energy  separation  between  the  two  split-peaks 
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Fig.  1.  Photoreflectance  spectra  of  In^  5j5GaQ  185^  °°  <^’®Brent 
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Fig.  2.  Energy  gap  versus 
temperature  of  In^,  g^gGa^,  ^^As 

on  InP. 
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Fig.  3.  Low  temperature  absorption 
of  the  In„  gjgGa,,  ^As  on  InP. 
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remains  the  same  (~  7  meV)  at  all  temperatures  while  the  energy  separation  of 
any  two  peaks  immediately  following  the  band-gap  region  decreases  as  the 
temperature  (and  Fg)  is  lowered.  This  is  consistent  with  the  predicted  behaviour 
of  the  FKO’s  period  vs.  Fg.  Moreover  the  overall  spectrum  shows  a  blue-shift  due 
to  the  increase  of  the  IngGai-xAs  gap,  lowering  the  temperature. 

Fig.  2  shows  the  experimental  values  (dots)  of  the  gap  Eo  versus  T.  We  fit  the 
experimental  points  with  the  Varshni  formula  [7] 

-aT^ 

Eo(T)-Eo(0)  =  ^^:^  (2) 

where  a  =  4-10-*  eV  K-l,  p  =  182  K,  Eo(0)  =  0.814  eV  are  the  fit  parameters.  The  fit  is 
the  upper  line  in  the  figure,  where,  for  comparison,  we  draw  the  Varshni  gap 
behaviotir,  taking  recent  reliable  values  a  =  410-4  eV  K  l,  p  =  226  K  and  Eo(0)  = 
0.803  eV  from  ref.  [8].  We  see  that  our  curve  (upper)  is  7  meV  higher  at  room 
temperature  and  10  meV  at  80  K. 

In  Fig.  3  the  low  temperature  (T  =  3  K)  OA  spectrum  is  reported,  showing  two 
exdtonic  peaks,  at  0.806  eV  and  at  0.813  eV  respectively,  on  the  absorption  edge. 
At  higher  energies  the  absorption  decreases  a  little,  corresponding  to  the  energy 
gap  Eg  =  0.816  eV  of  the  material.  We  attribute  the  two  peaks  to  the  splitted  valence 
band  with  (J  =  3/2,  mj  =  ±  3/2)  and  (J  =  3/2,  mj  =  ±  1/2)  [1].  The  split  value  from  OA 
and  PR  spectra  is  the  same,  and  is  ~  7  meV. 

When  the  lattice  mismatch  between  the  epilayer  Ini-xGa^As  and  the  InP 
substrate  is  small  (aa/ao  S  10-3)  and  the  thickness  d  S  1  ^m,  the  layer  lattice  has 
only  a  tetragonal  deformation.  Aa  is  the  difference  between  the  natural 
unstrained  lattice  parameter  of  the  Ini-xGa^As  (a)  and  InP  (ag).  Aa/ag  is  related 
to  the  measured  mismatch  Aa-/ag  =  1.8- 10-3  of  the  epilayer  in  the  direction 
normal  to  the  surface  by  the  relation  [1] 

^  ^  -g-n _ (3) 

ao  Cji  -t-  2Ci2  \  ao  / 

where  Cij  is  the  elastic  stiffness  of  the  Ini.xGagAs  layer.  Taking  Cn  =  1.016  (lO^^ 
dyn/cm^),  C12  =  0.509  (10^3  dyn/cm^)  from  ref.  [9],  using  the  Vegard  law  we 
obtained  Aa/ag  =  -0.9- 10-3.  This  value  of  Aa/ag  corresponds  to  x  =  0.485  to  be 
compared  to  x  =  0.472  of  the  perfectly  matched  alloy. 

Both  strain  and  difference  in  x  influence  the  band  gap  Eg.  The  difference  (SEglg, 
due  to  the  compositional  contribution,  between  energy  gap  values  for  Ini.xGaxAs 
and  Ini.x-AxGax.t.AxAs  is  valuated  to  be  [10] 

(6Eg)c  =  0.505  AX  + 1.11  xAx  (eV)  (4) 

In  our  case  Ax  =  0.485  -  0.472  =  0.013  so  (8Eg)g  =  13  meV,  i.e.  the  gap  increases. 

As  regards  the  strain  contribution  to  Eg,  the  calculated  energy  gaps  between  the 
conduction  and  splitted  valence  bands  at  A  =  0,  to  the  first  order  in  the  strain,  are 
[11] 
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(5) 


E±  = 


C11-C12  j.j^Cii  +  2Ci2  ^ 
Cii  C21 


where  refers  to  the  mj  =  ±3/2  band  and  E.  to  the  mj  =  ±1/2  band;  e  =  -Aa/ao;  a  is 
the  hydrostatic  deformation  potential  and  b  is  the  shear  deformation  potential 
appropriate  to  strain  of  tetragonal  symmetry;  we  used  a  =  -7.88  eV,  b  =  -1.75  eV, 
firom  ref.  [9]. 

The  gap  energy  values  calculated  by  the  analysis  of  the  FKO  and  the  OA  spectra 
are  mainly  determined  by  the  mj  =  3/2  band  [2].  So  the  shift  (SEolg  is  relative  to  E.,. 
of  eq.  (5).  For  our  sample  6(Eo)8  =  -  5  meV  at  room  temperature.  In  conclusion,  the 
sum  of  the  compositional  and  of  the  strain  contribution  to  the  gap  shift  is  SEq  = 
(8Eo)c  +  SCEolg  =  8  meV,  in  agreement  with  our  experimental  results,  compared 
with  those  of  ref.  8  (Fig.  2). 

The  valence  band  splitting,  from  eq.  (5),  results  equal  to  6.3  meV  by  the 
following; 


C,  t  +2C1 9 

AE  =  E+-E_  =  -26^i; — iie  =  7.0l£  (6) 

C12 

so  we  attribute  the  two  peaks  in  PR  and  AO  spectra  at  low  temperatures  to  the  + 
and  -  states  jplitted  by  the  strain  field.  The  agreement  between  the  experimental 
(-  ~  V)  and  "'<1  t  lated  value  (6.3  meV)  of  the  splitting  leads  to  conclusion  that 
V  coher-  ■  “)wth. 

et  a  ccr«  »03r  how  the  strain  varies  with  temperature  T  [12].  We  assume 
the  'i.at.rmal  expansion  coefficients  athdnP)  =  4.56-10-6  "C-i  and  for  the 
Ini.xGaxAs  alloy  a  weighted  media  of  the  values  ath(GaAs)  =  6.63-10-6  “’C-l  and 
athCIiiAs)  =  5.16-10-6  °C-1  (from  ref.  [10]).  Thus  the  absolute  lattice  mismatch  is  aa 
=  5.3-10-3  A  at  room  temperature  and  Aa  =  6.7-10-3  A  at  100  K  that  leads  to  a 
reduction  of  the  splitting  ^  of  -  1.4  meV.  Since  our  experimental  resolution  is  1 
meV,  the  distance  between  the  two  split  peaks  in  PR  spectra  appears  independent 
ofT. 

CONCLUSIONS 

In  conclusion  we  have  shown  that  PR  measurements  can  precisely  determine 
the  gap  Eg  of  thin  Ini.xGaxAs  epilayers  nearly  matched  to  InP  substrate  (Aa/ag  ^ 
10-3).  'The  dependence  of  Eg  on  temperature  T  is  in  good  agreement  with  the 
Varshni  relation.  Eg  results  blue-shifted  by  sEg  =  7  meV  at  300  K  and  10  meV  at  80 
K  with  respect  to  the  Ini.xGaxAs  perfectly  matched  to  InP  (x  =  0.472). 
Theoretically  this  shift  is  due  to  two  contributions;  (8Eg)c  =  13  meV  (compositional 
effect)  and  (5Eg)s  =  -5  meV  (strain  effect),  so  that  6Eg  =  8  meV  agrees  well  with  the 
experimental  results. 

Moreover  PR  and  OA  at  low  temperatures  resolved  the  valence  band  splitting 
due  to  the  biaxial  strain,  even  in  samples  nominally  matched  to  substrate  (Aa/'ag  < 
10-3).  Experimental  splitting  energy  (-  7  meV  at  all  temperatures)  is  about  the 
same  as  that  calculated  (6.3  meV),  so  we  can  conclude  that  the  lattice  mismatch 
is  elastically  adapted  (coherent  growth). 
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PART  IV 


Infrared  and  Raman  Spectroscopies 


ROOM  TENPERATURE  NEASURENENT  OF  PHOTOLUNINESCENCE  SPECTRA  OF  SEMICONDUCTORS 
USING  AN  FT-RANRN  SPECTROPHOTOMETER 

J.  0.  WE6B,‘  0.  J.  OUNLAVY,*  T.  CISZEK,*  R.  K.  AHRENKIEL,'  N.  W.  HANLASS,' 

R.  NOUFI,*  AND  S.  H.  VERNON** 

>lationa1  Rentable  Energy  Laboratory  (NREL),  Golden,  CO  80401 

**Sp1re  Corporation,  Bedford,  HA  01730 

ABSTRACT 

This  paper  demonstrates  the  utility  of  a  Fourier  transform  (FT)  Raman  spectropho¬ 
tometer  in  obtaining  the  room- temperature  photoluminescence  (PL)  spectra  of 
semiconductors  used  in  photovoltaic  and  electro-optical  devices.  Sample  types 
analyzed  by  FT-PL  spectroscopy  included  bulk  silicon  and  films  of  copper  indium 
diselenide  (CuInSe,),  gallium  indium  arsenide  (GalnAs),  indium  phosphide 
arsenide,  (InPAs),  and  gallium  arsenide-germanium  alloy  (GaAsGe)  on  various  sub¬ 
strates.  The  FTIR-PL  technique  exhibits  advantages  in  speed,  sensitivity,  and 
freedom  from  stray  light  over  conventional  dispersive  methods,  and  can  be  used 
in  some  cases  to  characterize  complete  semiconductor  devices  as  well  as  component 
materials  at  room  temperature.  Recent  innovations  that  improve  the  spectral 
range  of  the  technique  and  eliminate  instrumental  spectral  artifacts  are 
described. 

Introduction 

Photoluminescence  (PL)  spectroscopy  has  provided  a  useful  tool  for  measuring 
properties  of  semiconductor  materials  used  in  photovoltaic  (PV),  electronic,  and 
optical  devices.  For  example,  near-infrared  (NIR)  PL  spectroscopy  has  been  used 
to  detect  light-  or  heat-induced  defects  ("dangling  bonds”)  in  hydrogenated 
amorphous  silicon  (Si),‘  to  identify  shallow  donor  and  acceptor  impurities*  and 
dislocation  defects’  in  crystalline  Si,  and  to  predict  the  efficiency  of  PV 
devices  produced  from  copper  indium  diselenide  (CuInSe,,  or  CIS)  thin  films.* 
Also,  NIR-PL  spectroscopy  has  been  used  to  identify  acceptor  impurities  in 
gallium  arsenide  (GaAs).’  Time-resolved  photoluminescence  (TPL)  NIR  spectroscopy 
with  nano-second  time  resolution  has  been  used  to  measure  recombination 
velocities  at  A1,Ga,.,As/A1.Ga,  ,As  interfaces*  and  to  optimize  the  design  of  high- 
efficiency  aluminum  gallium  arsenide  (AlGaAs)-passivated  GaAs  solar  cells.’ 
Although  some  of  this  work  has  been  done  at  room  temperature,  detection  of  PL  at 
wavelengths  longer  than  1  pm  (the  cutoff  wavelength  for  Si  and  photomultiplier 
detectors)  using  dispersive  spectrophotometers  has  typically  required  cooling 
samples  to  cryogenic  temperatures  in  order  to  obtain  adequate  signal-to-noise 
ratios.” 

Fourier  transform  infrared  (FTIR)  spectroscopy  offers  substantial  improvements 
in  signal-to-noise  ratios  over  dispersive  spectroscopy  through  Jacquinot's 
throughput  advantage.'  Room- temperature  PL  measurements,  with  FTIR  detection 
that  exploits  this  advantage,  have  been  reported  on  materials  that  emit  PL  in  the 
near- infrared,  including  indium  gallium  arsenide  (InGaAs)'  and  the  high-T, 
superconductor  barium  bismuthate  (BaBiO,)."  In  the  latter  work,  a  commercial  FT- 
Raman  accessory,  with  a  neodymium-yttrium  aluminum  garnet  (Nd-YAG)  laser 
operating  at  1.064  pm  as  the  excitation  source,  was  used  with  an  FTIR  spectro¬ 
photometer  to  measure  the  PL  spectra  of  the  superconductor.  However,  the 
literature,  including  the  comprehensive  1990  review  of  FT-Raman  spectroscopy  by 
B.  Schrader,"  does  not  reference  the  use  of  FT-Raman  spectrophotometers  or 
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accessories  to  Measure  the  rooM-teeperature  PL  spectra  of  seMiconductor 
Materials,  many  of  which  eMit  PL  at  characteristic  wavelengths  In  the  near- 
infrared.  Me  have  reported  what  we  believe  are  the  first  such  measureMents.'’ 
In  this  work,  we  describe  More  fully  the  utility  of  an  FT-RaMan  spectrophotoMeter 
In  the  MeasureMent  of  the  PL  spectra  of  seMiconductor  Materials  and  devices  at 
rooM  teMperature. 

ExoerlMental 

Silicon,  CIS,  GalnAs,  and  InPAs  sanples  were  Made  at  NREL  In  the  following 
Manner.  The  0.5-mm  thick,  polished  SI  saMple  was  cut  froM  a  large-grain  poly- 
crystalline,  low-carbon  and  oxygen  rod  purified  by  Multiple  float-zoning  (FZ). 
The  CIS  saMples  were  deposited  by  vacuuM  co-evaporation  of  the  eleMents  as 
approxiMately  S-pM  thick  files  on  Mo1ybdenuM/g1ass  substrates.  Additionally,  the 
CIS  saMples  were  coated  with  approxiMately  ZO-ne  thick  cadeluM  sulfide  (CdS) 
files  to  fore  a  p-n  junction.  The  CdS  files  were  In  turn  coated  with  approxi¬ 
Mately  0.6-pm  thick,  conductive  zinc  oxide  (ZnO)  films  to  give  a  functional  PV 
device.  The  GalnAs  samples  are  single  crystal  films,  approximately  4-pm  thick, 
and  were  grown  on  crystalline  Indium  phosphide  (InP)  substrates.  The  undoped 
GalnAs  films  were  grown  by  metalorganic  vapor-phase  epitaxy  at  atmospheric 
pressure  (APNOVPE)  and  are  highly  uniform  In  thickness  and  composition,  but  are 
lattice-matched  to  the  InP  substrates  only  for  the  Ga,„In,„As  composition.  The 
InPAs  samples  were  also  grown  using  APNOVPE,  and  consist  of  a  surface  layer 
several  microns  thick  of  uniform  elemental  composition,  but  doped  to  give  a  p/n 
junction.  Underneath  the  doped  surface  layer  Is  a  linearly  graded  InPAs  layer 
several  microns  thick  with  phosphorus  content  decreasing  to  zero  at  the  surface 
of  the  crystalline  InAs  substrates.  Using  metalorganic  chemical  vapor  deposition 
(NOCVD),  GaAsGe  alloy  layers  3-pm  thick  were  epitaxially  grown  on  GaAs  substrates 
at  Spire  Corporation. 

FTIR-PL  measurements  were  performed  at  room  temperature  using  a  Nicolet  System 
910  FT-Raman  spectrophotometer  with  a  calcium  fluoride  beamsplitter  and  a  Nicolet 
FT-Raman  microscope.  The  FT-Raman  spectrophotometer  contains  a  diode-pumped  1.5- 
M  Nd-YAG  laser  with  continuous  emission  at  1.064  pm,  a  white- light  source  for 
spectral  Instrument  correction,  ke^oard-controlled  laser  power,  a  laser  power 
meter,  a  keyboard-controlled  sample-focusing  stage,  gold-coated  reflective 
transfer  optics,  refractive  sampling  optics,  dual  Rayleigh  line  holographic  notch 
filters,  and  LN,-cooled  germanium  (Ge)  and  Indium  antimonide  (InSb)  detectors. 
The  refractive  sampling  optics  are  approximately  fl  type,  allowing  a  high 
collection  efficiency  for  emitted  radiation.  The  detectors,  beamsplitter,  and 
filter  limit  the  spectral  response  of  the  system  to  wavelengths  between  1.08  and 
2.70  /an  (1.15  to  0.46  eV). 

The  laser  beam  was  focused  to  within  a  spot  50  pm  In  diameter  on  the  samples. 
Although  total  laser  power  Incident  on  the  CIS  samples  was  reduced  to  2.0  mW,  the 
minimum  obtainable  with  the  diode-pumped  laser,  for  these  samples  m  was 
necessary  to  mask  the  Ge  detector  with  a  metal/fused-sllica  neutral -density  (NO) 
filter  (Nelles-Griot  NO-2)  to  prevent  saturation  of  the  detector.  It  was  not 
necessary  to  mask  the  Ge  detector  for  the  mIcro-FT-PL  analyses  of  Si,  for  which 
150  mW  of  laser  power  was  used.  The  GalnAs  and  InPAs  samples  were  analyzed  using 
laser  power  settings  between  17  and  350  mH,  and  the  GaAsGe  samples  were  analyzed 
at  laser  power  settings  between  0.35  and  1.0  W.  Excitation  power  dependence  of 
the  PL  peak  energies  was  less  than  0.01  eV  within  these  ranges.  The  InSb 
detector  was  used  without  filtering  to  analyze  the  GalnAs,  InPAs,  and  GaAsGe  samples. 
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Photoluninescence  spectra  were  obtained  by  signal -averaging  100  Interferoaeter 
scans  collected  In  4  aln  at  a  resolution  of  4  ca',  or  approx laately  0.7  na.  To 
reduce  the  Intensity  of  Instruaental  spectral  artifacts,  especially  those 
contributed  by  spectral  transaittance  variations  In  the  Rayleigh  line  filters, 
the  PL  spectra  were  divided  by  the  ealssivlty  spectrua  (obtained  by  scattering 
froa  potasslua  broalde  powder)  of  a  white-light  source.  A  tungsten  fllaaent 
reference  1aap  (color  teap.  >  1925  K)  was  used  with  the  Ge  detector,  and  a 
quartz-halogen  reference  laap  (color  teap.  «  2300  K)  was  used  with  the  less 
sensitive  InSb  detector.  This  procedure  produced  photoaetrically  accurate  PL 
spectra  In  radiance  units. 

Results  and  Discussion 

The  rooa-teaperature,  alcro-FT-PL  spectra  of  two  areas  approxiaately  4  pa  In 
diaaeter  on  the  surface  of  polycrystalline  Si  are  shown  In  Fig.  1.  One  spectrua 
Is  taken  near  the  center  of  a  crystal  and  the  other  at  a  grain  boundary.  In 
previous  work,"  we  established  that  the  broad,  featureless  peaks  centered  at  8818 
ca‘  In  Fig.  1  result  froa  the  1.094  eV  Indirect  PL  of  SI.  The  sharp  peak  at  1127 
na  superlaposed  on  the  PL  bands  In  Fig.  1  Is  attributable  to  the  first-order 
scattering  at  a  Raaan  shift  of  519  cm'  by  the  silicon  Raaan  phonon.’ 

The  priaary  PL  peak  In  the  near-band-gap  region  results  froa  recoablnatlon  of 
Intrinsic  excitons.’  This  broad  peak  Is  resolved  at  cryogenic  teaperatures  Into 
several  distinct  peaks  that  have  been  associated  with  dislocation  defects  related 
to  strain,  lapurltles,  or  grain  boundaries  In  the  Si.’*’  Although  digital 
subtraction  of  the  curves  In  Fig.  1  revealed  no  differences  In  their  shapes  or 
peak  positions,  the  Intensity  of  the  FT-PL  signal  Is  auch  less  in  the  area  over 
the  grain  boundary  than  the  area  In  the  center  of  the  crystal.  The  sample  was 
well  polished,  so  that  the  Intensity  difference  was  probably  not  caused  by 
Increased  scattering  at  the  grain  boundary.  It  Is  therefore  likely  that  alcro- 
FT-PL,  In  conjunction  with  a  motorized  microscope  stage,  could  be  used  for 
automated  defect  mapping  of  polished  SI  saiqiles.  Tajima'*  reported  room- 
temperature,  NIR  PL  mapping  of  deep  defects  In  SI  and  GaAs  wafers  using  647  nm 
excitation  and  dispersive  detection;  however,  the  spatial  resolution  of  his 
system  (0.1  mn)  Is  auch  less  than  that  of  the  FT-PL  (FT-Raman)  microscope  (4  pm). 

Figures  2  and  3  show  the  FT-PL  spectra  of  two  CIS  PV  devices  having  PV  conversion 
efficiencies  of  11.4*  and  8.7*  for  terrestrial  solar  radiation,  respectively. 
These  spectra  were  resolved  Into  Gausslan/Lorentzian  components  using  Nicolet 
FOCAS  Fourier  self-deconvolution  software.  We  believe  these  and  spectra  shown 
in  our  earlier  work”  to  be  the  first  room- temperature  PL  spectra  reported  for  CIS 
devices  or  films,  although  rooa-teaperature  PL  spectra  have  been  obtained  for  CIS 
single  crystals.’’  The  PL  spectra  of  the  CIS  absorber  were  collected  through  the 
ZnO  and  CdS  overlayers  of  the  device,  which  are  transparent  to  the  1.064-pm 
excitation  radiation  and  to  the  emitted  PL  radiation.  The  high-efficiency  device 
can  be  fit  by  three  curves  (Fig.  2),  while  the  low-efficiency  device  required  an 
additional  curve  In  the  low-energy  region  (Fig.  3).  The  high-efficlency  device 
has  a  stronger  PL  coiiq>onent  at  8700  cm'  (1.078  eV)  than  the  low-efficiency 
device.  FT-PL  spectra  of  these  and  other  devices  made  by  the  same  process  and 
having  efficiencies  between  11.4*  and  8.7*  show  a  linear  relationship  between  the 
maximum  energy  of  their  total  fitted  FT-PL  spectra  and  device  efficiency.  We  are 
currently  examining  CIS  devices  made  by  other  processes  to  determine  if  this 
relationship,  which  Is  probably  related  to  higher  open-circuit  voltages  In  the 
more  efficient  devices,  can  be  generalized. 
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Figures  4,  5,  and  6  are  the  rooa- temperature  FT-PL  spectra  of  epitaxial ly-grown 
films  of  InP/s„..,>  Ga.In„.^s,  and  (GaAs)(,..,(Ge,).  on  InAs,  InP,  and  GaAs 
substrates,  respectively.  The  limited  energy  range  and  optical  artifacts  that 
we  reported  during  earlier  measurements"  of  these  materials  have  been  solved  by 
the  InSb  detector  and  holographic  notch  filters  available  In  the  Nicolet  910  and 
950  dedicated  FT-Raman  spectrophotometers,  and  the  spectra  are  clean  and  low  In 
noise.  Figures  7,  8,  and  9  are  optical  bowing  plots  developed  from  the  FT-PL 
peak  energies  measured  for  a  range  of  these  materials  having  different  composi¬ 
tions  (x).  Figures  7  and  8  show  that  the  FT-PL  jMak  energies  are  consistently 
0.03  to  0.05  eV  higher  than  the  literature  values”  expected  for  InPAs  and  GalnAs 
films  having  the  compositions  shown.  This  may  be  because  of  doping  In  the  InPAs 
films,  and  strain  In  the  lattice-mismatched  GalnAs  films.  FT-PL  peak  energies 
of  GalnAs  films  showing  visible  strlatlons  were  about  0.01  eV  higher  than  those 
of  smooth  films.  The  PL  peak  energies  for  GaAsGe  films  shown  In  Fig.  9 
correspond  closely  to  less  precise  values"  obtained  by  optical  absorbance. 

We  conclude  that  FT-PL  spectroscopy  performed  using  a  commercial  FT-Raman 
spectrophotometer  can  be  a  useful  tool  for  characterization  of  semiconductors 
that  exhibit  PL  In  the  near -Infrared,  although  a  more  thorough  exploration  of  the 
relationships  between  the  FT-PL  spectra  and  the  physical  properties  of  the 
samples  are  needed,  and  an  InAs  rather  than  an  InSb  detector  would  allow  lower 
excitation  energies  to  be  used  to  excite  PL  between  0.74  eV  and  0.46  eV.  The 
technique  offers  the  advantages  of  speed,  sensitivity,  and  freedom  from  stray 
light  over  conventional  dispersive  PL  spectroscopy  at  the  same  resolution.  In 
part  because  of  the  well-known  design  la^rovements  of  FTIR  spectroscopy  over 
earlier  dispersive  methods.*  Also,  the  location  of  the  excitation  wavelength  of 
the  FT-Raman  spectrophotometer  close  to  the  band  gaps  of  many  semiconductor 
materials,  e.g.,  those  used  In  diode  lasers,  maximizes  the  power  efficiency  of 
PL  processes  In  these  materials."  Furthermore,  the  FT-Raman  spectrophotometer 
was  designed  to  measure  Raman  emission,  which  occurs  with  maximum  quantum  yields 
of  10*."  Therefore,  an  FT-Raman  Instrument  has  more  than  adequate  sensitivity 
to  measure  PL,  which  can  occur  with  quantum  yields  approaching  unity." 
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ABSTRACT 

Fiber-based  Fourier  transform  infrared  spectroscopy  for  remote  in-situ  monitoring  of 
organometallic  delivery  in  organometallic  chemical  vapor  deposition  (OMCVD)  is  presented.  The 
measurement  is  based  on  infrared  absorbance  of  the  organometallic  reagent  in  a  short  single  pass 
gas  cell  placed  in  the  gas  delivery  line  of  an  OMCVD  system.  The  performance  of  the  set-up  is 
^monstrated  for  monitoring  concentration  transients  during  the  delivery  of  two  common  OMCVD 
precursors,  trimethylgallium  (TMG)  and  trimethyiindium  (TMI).  The  time  to  reach  saturation  is 
shown  to  be  faster  for  a  TMG  bubbler  than  for  a  TMI  bubbler.  This  difference  in  delivery 
behavior  is  interpreted  through  a  mathematical  mode)  of  the  gas  handling  lines  and  the  monitoring 
gas  cell.  The  utility  of  the  system  in  monitoring  tempor^  variations  in  TMI  delivery  is  also 
demonstrated.  Fintdly,  the  ability  of  the  system  to  detect  the  chemical  species  unintentionally 
present  in  the  feed  lines  is  illustrated  with  the  observation  of  methane  gas  from  TMG  and  TMI 
bubblers  that  have  been  dormant  for  a  period  time.  The  methane  gas  is  shown  to  quickly  disappear 
with  repeated  used  of  the  bubblers. 


INTRODUCTION 

Organometallic  chemical  vapor  deposition  (OMCVD)  is  a  premier  technique  for  depositing 
multilayer  structure  of  III-V  and  II-VI  compound  semiconductors  used  in  the  optoelectronic 
industry  [1,2].  Large  scale  production  has,  however,  been  limited  by  run-to-run  reproducibility  in 
film  thickness  and  composition  because  of  lack  of  monitoring  of  input  concentrations  of 
organometallic  sources.  I^ursor  delivery  to  an  OMCVD  reactor  is  usually  performed  by  flowing 
a  known  amount  of  carrier  gas  (typically  Ha)  into  a  stainless  steel  bubbler  containing  the 
organometallic  reagents.  The  exact  amount  of  the  reactant  supplied  to  the  reactor  is  not  measured, 
but  it  is  estimated  by  assuming  saturation  vapor  pressure  inside  the  bubbler  and  furthermore,  no 
interaction  between  the  reagents  and  the  interior  walls  of  the  gas  handling  system.  Thus,  in 
absence  of  any  monitoring,  variations  in  precursor  delivery  remain  undetected. 

The  delivery  problem  is  particularly  crucial  for  trimethyiindium  (TMI),  which  is  a  solid  under 
standard  operating  conditions.  The  variation  in  surface  area  during  evaporation  of  TMI  leads  to 
uncontroll^  variations  in  the  delivery  rate,  which  in  turn  results  in  changes  in  the  In  content  in  the 
deposited  compound  semiconductor.  The  relatively  low  pressure  of  the  precursor  may  also 
necessitate  the  heating  of  the  bubbler  to  increase  the  feed  rate.  In  that  case  the  amount  of  material 
actually  reaching  the  reactor  will  be  reduced  by  condensation  on  gas  handling  system  walls  if  there 
is  any  cold  spot  in  the  gas  handling  system.  The  deviation  leads  to  changes  in  film  composition 
and  corresponding  device  properties  that  can  only  be  detected  by  post-mortem  of  the  finaJ  device 
structure.  Thus,  the  development  of  a  sensor  system  for  monitoring  the  organometallic 
concentration  is  a  key  element  in  improving  control  of  the  OMCVD  process. 

Current  sensor  technology  is  based  on  measurements  of  the  speed  of  sound  [3]  in  a  binary 
mixture  of  the  organometallic  precursor  and  its  carrier  gas.  This  approach  has  been  employed 
successfully  in  closed  loop  control  of  TMI  delivery,  but  the  system  is  restricted  to  pressures  above 
400  torr,  and  being  a  physical  measurement,  it  cannot  detect  the  presence  of  different  chemical 
species.  Ultraviolet-visible  (UV-vis)  spectroscopy  has  been  demonstrated  as  a  potential  optical 
monitoring  technique  [4],  but  photolysis  reactions  driven  by  the  UV  light  cause  difficulties  with 
deposition  on  windows  of  the  monitoring  cell . 

Fourier  transform  infrared  (FTIR)  spectroscopy  is  particularly  useful  for  monitoring  the 
OMCVD  process  since  it  is  directly  probes  chemical  bonds,  is  sufficiently  simple  to  be  suitable  for 
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manufacturing  applications,  and  has  low  energy  avoiding  photolysis  of  the  organometallic 
precursor.  Re^t  advances  in  fluoride  and  chalct^fenide  infrared  fibers  nudce  it  pebble  to  expand 
FTIR  i^rplications  beyond  bench-top  r^rplkations  to  remote  in-silu  concentration  monitoring. 
Fluoride  fibers  are  suitable  for  monitoring  systems  with  vibrational  absorption  bands  in  the 
20,000-2200  cm'*  range.  With  a  90%  sigrud  transmission  over  5  meters,  the  fluoride  fibers  are 
suitable  for  remote  sensing  applications  [5,6].  Chalcogenide  fibers  transmit  light  in  the  3300-900 
cm'*  range,  which  is  the  primary  region  of  interest  for  studying  organometallic  chemistry. 
However,  remote  sensing  with  this  fiber  mrUerial  is  limited  by  adsorption,  leading  to  a  38%  loss  of 
signal  over  a  one  meter  fiber  length.  Most  organometallic  compounds  used  in  OMCVD  contain 
alkyl  groups  with  strong  absorbance  in  the  region  around  2800-30  00  cm'*  corresponding  to  C-H 
viinational  stretching.  These  vibrational  fr^uencies  are  within  the  operation  ranges  of  both 
chalcogenide  and  the  fluoride  fibers. 

Previous  feasibility  studies  of  measurement  of  trimethylgallium  (TMG)  and  TMI  concentration 
have  shown  promising  results  [7].  The  absorbance  was  linearly  correlate  to  the  partial  pressure 
in  agreement  with  Lrunbert-BM^s  law.  The  minimum  detection  limit  for  trimeAylindium  was 
0.05  torr  for  50  seconds  scan  time  and  a  12.7  cm  optical  path  length.  In  this  study,  we 
demonstrated  the  use  of  the  FTIR-fiber  optics  based  technique  in  monitoring  the  delivery 
characteristics  of  TMG  and  TMI  reagents. 


EXPERIMENTAL  SYSTEM  &  PROCEDURE 

The  fiber-optics  based  FTIR  system,  supplied  by  Galileo  Electro-Optics  Corporation,  is  shown 
schematically  in  Figure  1.  The  spectrometer  is  a  KVB  Analect  Diamond-20  with  a  resolution  of  2 
cm  *  wavenumber.  The  system  is  controlled  by  a  Dell  486-50  MHz  computer.  The  IR  emission 
from  the  interferometer  is  coupled  into  the  chalcogenide  and  fluoride  fibers  through  an  optical  fiber 
launcher.  The  optical  fiber  guides  the  infrared  r^ation  to  the  sensing  region,  where  the  light  is 
collimated  into  a  12  mm  beam  with  a  prealigned  optical  collimator  module  optimized  for  the  mid- 
infrared.  The  signal  throughput  using  both  fibers  are  similar.  The  collimated  beam  passes  through 
the  gas  cell  and  is  focused  into  the  retutn  fiber  with  a  second  pte-aligned  optical  module.  Angular 
adjustment  on  both  collimators  allows  the  optical  throughput  of  the  system  to  be  optimized.  The 
li^t  is  then  coupled  back  into  the  fiber  and  directed  to  the  detector  box.  A  liquid  cooled  mercury 
cadmium  telluride  (MCT)  detector  is  used.  The  detector  is  equipped,  as  well,  with  a  computer- 
driven  optical  channel  selector  (OCS)  that  allows  multiplexing  among  up  to  seven  sensor  points 
while  using  only  one  spectrometer. 


Hgure  1 .  Schematic  diagram  of  fiber-optics  based  FTIR  and  OMCVD  reactor  systems. 

The  experiments  woe  performed  in  a  Crystal  Specialties  OMCVD  reactor  system.  The  reactor 
unit  was  replaced  by  a  gas-cell  designed  for  concentration  monitoring  and  probing  gas-phase 
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reactions.  The  12.7  cm  long  cell  consisted  of  a  quartz  tube  (2.5  cm  O.D.),  with  quartz  flanges 
fused  to  the  tube  ends.  CaF2  windows  with  o-ring  seals  were  placed  at  each  end  and  sealed  with 
stainless  steel  flanges.  The  cell  could  be  uniformly  heated  to  6S0°C  with  a  resistive  heater.  The 
temperature  was  measured  by  inserting  a  type-k  thermocouple  through  a  well  into  the  gas-cell. 
Heat  and  mass  transfer  analyses  showed  that  transport  in  tte  cell  was  dominated  by  diffusion 
under  the  condidcns  investigated.  Consequently,  tenqxrature  and  concentration  profiles  could  be 
assumed  to  be  uniftnin  across  tbe  cell  and  inlet  effects  were  negligible. 

Ultra-pure  hydrogen  (99.9995%)  from  Matteson  was  usi^  as  a  carrier  gas.  The  hydrogen 
flow  rate  was  held  at  constant  at  60  seem.  A  TMI  bubbler  from  Air  Products  Inc.  was  employed 
al(»g  with  a  TMG  source  from  Texas  Alkyl.  During  the  experiment,  the  TMG  bubbler  was  kept  at 
-14°C  and  the  TMI  bubbler  temperature  was  40°C.  Gas  li^  and  tte  cell  were  heated  to  40°C  to 
minimize  condensation  of  o^anometallic  precursors.  The  gas  handling  and  cell  pressures  were 
600  torr  and  800  ton,  respectively. 

The  experiments  were  performed  in  the  following  manner.  The  experiments  were  started  by 
opening  the  inlet  and  outlet  valve  of  the  bubbler  and  closing  the  by-pass  line.  The  absorbance 
spectrum  of  tlv  gas  mixture  was  taken  every  minute.  Once  steady  state  concentration  in  the  gas 
cell  was  reached,  the  carrier  gas  flow  to  the  bubbler  was  cut  and  simultaneously  the  flow  to  the  by¬ 
pass  line  was  established.  absorbance  spectra  was  recorded  at  one  minute  int,  .-val  until  the 
organometallic  precursors  were  no  longer  detecUdile.  Most  of  the  measurements  were  done  using 
cb^cogenide  fibers  of  two  meters  in  total  length.  The  transparency  of  the  chalcogenide  fibers  in 
the  infra-red  finger  print  region,  allows  verification  of  the  peaks  oteerved  in  28(X)-3(X)0  cm~  > . 

RESULTS  AND  DISCUSSION 

Figure  2  shows  absorbance  spectra  for  TMG  at  different  partial  pressures.  The  magnitude  of 
the  signal  at  2918  cm'*  (symmetrical  C-H  stretching)  was  used  to  monitor  the  concentration  of 
TMG.  The  corresponding  calibration  curve  of  the  2918  cm'*  absorbance  as  a  function  of  partial 
pressure  of  TMG  also  appears  in  Figure  2.  The  partial  pressure  of  TMG  was  increased  by 
increasing  the  total  pressure  of  the  cell  by  flowing  a  fixed  mixture  of  TMG  and  H2.  The 
equilibrium  partial  pressure  could  be  assum^  since  TMG  showed  no  condensation  effects.  The 
linear  relationship  tetween  the  absorbance  a''d  partial  pressure  is  expected  from  Lambert-Beer's 
law.  The  concentration  of  TMG  is  low  enough  that  pressure  broadening  is  not  a  significant  effect 
[8].  TMI  was  monitored  by  following  the  peak  at  2929  cm'*  whose  intensity  also  varied  linearly 
with  tbe  partial  pressure  of  the  organometallic  reagent  [7]. 


Wavwiwnber  (cm  *)  Pressure  (torr) 


Figure  2.  (Left)  The  absorbance  of  trimethylgallium  at  different  TMG  partial  pressures. 
(Right)  Absorbance  of  TMG  at  2918  cm'*  as  a  function  of  partial  pressure. 
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The  turn-on  behavior  of  a  TMG  bubbler  which  has  not  been  used  for  two  months  serves  to 
demonstrate  the  ability  of  the  FTIR  technique  to  monitor  concentration  transients  and  detecting 
chemical  species.  Figure  3  shows  the  evolution  of  the  absorption  spectrum  as  hydrogen  flow 
through  the  bubbler  is  initiated.  A  narrow  sharp  peak  at  3016  cm'*  attributed  to  methane  is  present 
at  eariy  times  whereas  the  characteristic  signature  of  C-H  stretching  vibrations  in  TMG  dominate  at 
later  times.  Deconvolution  of  the  peak  intensities  shows  the  methane  concentration  reaching  a 
maximum  -4  minutes  into  the  transient  and  then  decreasing  exponentially  (see  Figure  3).  The 
TMG  signal  reaches  steady  state  after  S  minutes. 

At  16  minutes,  the  carrier  gas  flow  to  the  bubbler  was  closed  and  simultaneously  the  by-pass 
line  was  opened.  Both  the  TMG  and  the  methane  peaks  quickly  decreased  to  zero.  A  second  turn¬ 
on  transient,  performed  30  minutes  after  the  flrst  run  showed  a  slightly  faster  approach  to  steady 
state  (cf.  Figure  3).  The  methane  was  reduced  below  the  detection  limit  of  the  technique.  A  third 
experiment  performed  30  minutes  after  the  second  run  resulted  in  the  same  transient  (within 
experimental  accuracy),  indicating  stabilization  of  the  bubbler  behavior. 


TMG  >2“*  Run 


3200  3000  2800 

Wavenumber  (cm'  * ) 

Figure  3.  (Left)  Evolution  of  absorption  spectrum  during  start-up  of  a  TMG  bubbler. 
(Right)  Corresponding  temporal  variations  in  CH4  and  TMG. 


An  similar  example  for  start-up  of  a  TMI  bubbler  is  shown  in  Figure  4.  The  TMI  transients 
depend  strongly  on  toe  history  of  toe  bubbler.  In  this  case  the  bubbler  had  not  been  used  for  2 
days.  The  trimetoylindium  could  be  detected  within  one  minutes  after  the  hydrogen  flow  to  toe 
bubbler  had  been  established.  The  fust  transient  displays  oscillations  in  the  TMI  concentrations  as 
reported  in  speed  of  sound  measurements  of  TMI  deU  very  rates  [9].  Subsequent  tuns  120  min  and 
ISO  min  after  toe  fust  experiments  show  the  same  behavior,  indicating  equilibration  of  the  vapor 
pressure  in  toe  bubbler. 

CI^  is  again  observed  during  toe  start-up  phase.  After  toe  third  run,  it  is  not  detectable.  The 
CH4  signal  of  methane  is  strongest  when  toe  bubbler  has  not  been  used.  This  behavior  suggests 
that  CH4  is  most  likely  generated  from  reactions  of  TMI  and  TMG  vapors  with  small  amounts  of 
•noisture  unintentionally  introduced  during  shut-downs  from  previous  experiments.  The  presence 
■^f  small  amounts  of  CH4  is  not  likely  to  effect  the  outcome  of  the  film  growth,  since  it  is  a  stable 
molecule  at  typical  deposition  temperatures  [10].  However,  it  would  influence  toe  accuracy  of 
organometallic  delivery  measurement  from  the  speed  of  sound  in  toe  mixture.  The  FTIR  would 
have  further  advantage  detecting  toe  presence  of  oxygenated  solvents  left  over  during  toe  synthesis 
of  organometallic  precursors. 

Finally,  to  demonstrate  the  use  of  toe  method  in  monitoring  TMI  concentrations  during  growth 
runs,  Figure  5  shows  TMI  variations  over  several  hours.  The  observed  variations  are  well  known 
for  the  solid  TMI  precursor  [3,4,9],  and  if  unmeasured  they  will  result  in  difficulties  in 
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reproducing  In  contents  between  growth  nins.  The  signal  from  IR  detector  could  be  fed-back  to  a 
carrier  gas  flow  or  bubbler  temperature  controller  to  insure  constant  TMI  delivery. 


Figure  4.  Transients  of  TMI  (left)  and  CH4  (right)  during  three  successive  usage  of  a  TMI 
bubbler.  Curve  1  is  for  a  bubbler  that  has  not  bMn  used  for  2  days,  curve  2  is  120 
min  after  the  fust  usage,  curve  3  is  ISO  min  after  the  fust  usage. 


Figure  S.  Temporal  variation  in  TMI  partial  pressure. 


In  order  to  further  characterize  the  response  of  the  gas  cell  to  transients  in  organometallic 
precursors,  the  process  dynamics  are  modelled.  The  gas  handling  system  behaves  essentially  as  a 
plug  flow  reactor  [11],  i.e.,  when  a  change  in  concentration  is  made  at  the  run- vent  valve,  the  time 

lag>  tL>  before  it  shows  up  in  the  gas  cell  measurement  is: 

r,=-  (1) 

V 

Here  L  is  the  length  of  the  gas  line  between  the  valve  and  the  cell  and  v  is  the  gas  velocity  in  the 
tube.  As  discussed  above,  the  concentration  and  temperature  fields  within  the  cell  iiuiy  be 
considered  to  be  well  mixed.  The  response  to  a  step  increase  in  concentration  of  organometallic 
reagent  from  zero  therefore  takes  the  following  form  [11]: 
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c(t)=0 


c(0  =  Co 
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1-exp 
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Here  c(t)  is  the  precursor  concentration  in  the  gas  cell  as  a  function  of  time,  t.  is  the  steady  state 
concentration  of  the  precursors,  and  Tc  is  the  residence  time  of  the  gas  cell  (volume/  volumetric 
flow).  The  model  for  tuming-off  the  precursor  involves  equivalent  formulas: 


c(t)  =  Co 


c(t)  =  Coexp 


0^f<Tt 

(4) 

fST, 

(5) 

Since  Equations  (3)  and  (5)  have  the  same  functional  form,  step-up  and  step-down  data  may  be 
fitted  to  the  same  master  response  curve,  say  Equation  (3). 

Data  for  step-up  and  stei^own  of  an  equilibrated  TMG  bubbler  (<^  >2"**  run  Fig.  3)  fit  the 
same  functional  form  as  shown  in  Figure  6  (left  band  side).  The  model  predicts  the  delivery  line 
time  lag  (Xl)  and  cell  residence  time  (Xc)  within  experimental  accuracy.  The  good  agreement 
between  predicted  and  observed  dynamic  response  implies  that  the  delivery  of  TMG  is  not 
influenced  by  artifacts  such  as  condensation  in  gas  lines  and  on  cell  walls. 


(Right)  TMI  delivery  transients. 

In  contrast  to  the  TMG  case,  the  TMI  dynamics  show  difference  between  step-up  and  step- 
down  transients  (see  Figure  6,  right  hand  side).  A  fit  of  the  model  to  data  yields  a  residence  time 
twice  that  of  TMG,  which  represents  the  actual  residence  time  of  the  gas  cell.  This  behavior 
strongly  suggests  the  possibili^  of  condensation  of  TMI. 

CONCLUSION 


Fiber  optics  based  FTIR  spectroscopy  for  in-situ  monitoring  of  input  concentrations  of 
organometallic  precursors  for  OMCVD  bias  been  demonstrated  using  TMG  and  TMI  bubbler 
dynamics  as  case  studies.  As  expected  based  on  OMCVD  experience,  the  delivery  of  TMG  is 
accomplished  without  any  artifacts  whereas  the  solid  source,  TMI,  displays  slow  transients  and 
problems  with  condensation.  In  addition  to  enabling  monitoring  of  the  organometallic  species,  the 
technique  also  detects  other  species  present  in  the  feed  mixture.  Speciflcally,  methane  was 
observed  in  bubblers  left  unused  for  a  long  period  of  time.  The  presence  of  solvents  inadvertently 
left  over  from  the  synthesis  of  the  growth  precursors  would  be  detectable  by  the  FTTR  approach. 
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The  residence  time  models  provide  a  useful  tool  for  diagnosing  the  possible  condensation  in  gas 
delivery  lines  and  the  monitoring  cell. 
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Ate  I'RAci 

FTTR  spectroscopy  has  been  used  to  characterize  as-deposited  and  chemical  mechanical 
polished  (CMP)  electron  cyclotron  tcsotunce  (ECR)  plasma  based  SiQi  films.  The  ECR  films  were 
deposited  at  different  02/SiH4  gas  ratios  in  an  attempt  to  vary  the  film  stochiometiy.  Transmission 
and  reflectance-absorbance  IR  spectral  data  were  combiived  with  OriP  removal  rate  infonnation  to 
duracterizc  the  SiOx  films  and  their  polishing  bduivior.  The  asymirtelric  O-Si-O  stretching  (ASM) 
arul  Si-OH  vibrational  bands  were  found  to  be  princq>al  sources  of  infonnatfam. 

INTRQDUCnCM 

As  ULSI  structures  have  scaled  to  scdt-mkron  dimensiotts,  the  relative  burden  of  device 
operating  speed  aitd  processing  costs  have  betft  shifted  from  active  transistots  to  mterconnects.  The 
increasing  number  of  interconrtects  required  have  necessarily  led  to  increased  wiring  levels.  The 
increased  topography  as  a  result  of  increased  wiring  levels  have  led  to  stringent  requiremetUs  for 
global  plarurity  to  meet  photolithography  depth-of-focus  needs.  Chemical  mechanical  polishing 
(CMP)  has  been  recently  used  to  meet  these  ptanarizatian  icquirements(ll. 

In  a  typical  CMP  process,  fiw  substrate  to  be  planarized  is  held  down  against  a  rotatmg  pad 
wetted  with  a  polishing  slurry.  The  polishing  pad  used  is  made  of  a  viscoelastic  syntactic  foamed 
polyurethane  nuterial  while  flie  slurry  is  a  aqueous  allcalitw  solution  of  fine  fumed  silica  abrasive 
particles(2].  Polishing  is  believed  to  occur  as  a  result  of  diffusion  of  molecular  water  into  the 
netwrok  under  stress  leadittg  to  the  formation  and  stibsequent  dissolution  of  silanol  spedes(3].  The 
structural  modification  induced  in  the  SiOj  glass  is  of  particular  interest  from  a  device  integrity 
standpoint  Indeed,  damaging  eflects  of  the  CMP  process  has  been  repotted  recently  on  100  tun 
TECS  based  films(4]. 


In  this  paper,  FTTR  spectroscopy  has  been  used  to  characterize  SiC>2  filnu  deposited  usmg 
ECR  plasirua  at  various  C^/SiHa  gas  flow  ratios,  and  foe  subsequent  response  of  these  films  to  CMP 
processing. 


toemmenial 


3E 


The  ECR  plasma  based  SiC^  films  were  deposited  on  eight  inch  silicon  substrates  using  a 
Lam  EPIO**  ECR  deposition  reactor  at  different  02/SiH4  gas  flow  ratios.  Film  thickness  and 
refractive  index  of  the  films  was  measured  using  a  Rudolf  FE  in  dlipsometer.  Film  stodiiometty 
was  determined  using  Rutherford  backicattering  (RBS)  and  FITR  spectroscopy. 

FTTR  spectral  measuremenb  were  performed  on  a  Nicolet  ECHO  85  system  over  foe  range  of 
4000  -  400  cm'l.  Data  analyiis  was  perfacmed  on  a  Nicolet  800  qreettometo.  Double  side  polMied 
substrates  were  used  for  aU  experiments  requiring  transmissian  FTTR  spectra  measurements.  A 
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princ,  unprocMtcd  tubtlnte  ww  ucd  ai  the  beekgmind  to  entun  dtat  the  ^cctn  obtained  wat 
Miely  due  to  the  Si02  film.  For  expcriraenti  requiring  leflectance-absoibance  FT1R  tpcctra 
measurement*,  both  silicon  and  metal  coated  silicwi  were  used  at  sitetrates.  In  each  case,  the 
appropriate  substrate  without  subsequent  Si02  deposition  was  used  at  the  reference.  The 
transmission  measurements  were  made  at  normal  incidence  using  the  Nicolet  8S.  A  room 
temperature  TGS  detector  was  employed.  In  the  cate  of  reOection  measuicments,  the  angle  of 
incidence  was  fixed  at  15*.  All  raeasuiements  were  made  at  the  center  of  die  substrate  and  with 
unpolatizcd  radiation.  Both  transmistian  and  reflectance-absorbance  spectra  were  obtained  at  Scm'l 
resolution  by  coadding  64  scans.  For  convenience,  the  reflectance-absorbance  spectra  are  jotted  in 
absorbance  units,  Le.,  as  -log(R/Ro  X  100)  where  R  and  Ro  ate  reflectivities  of  the  sample  and 
reference  respectively. 

The  substrates  were  polished  using  a  Westech  372  polisher  using  Cabot  SC-112  slurry 
available  from  Rippey  Corporation.  SC-112  it  a  suspension  of  fumed  silica  dispersed  in  aqueous 
potassium  hydreodde  and  is  comprised  of  approximately  30  run  sized  well  formed,  amorphous, 
spherical  primary  particles  aggregated  together  in  chains  of  about  ten  to  twenty  each.  Knee  FTTR 
characterization  of  die  substrates  is  non-destmetive,  it  was  possible  to  examine  die  each  substrate  at 
intermediate  stages  of  polishirtg  and,  therefore,  at  various  film  diicimetses.  The  polishing  interval  in 
each  case  was  60  seconds. 


did  not  tppeu  to  nfult  in  any  fignificant  diangt  in  film  (tochiomeby.  Thasa  tcaulla  comUla  to 
maaaufamanl*  d  rafiactiva  indax  which  waca  found  to  ba  at  far  Qi/SiHi  gat  latiot  of  1.15  but 
daciaaied  to  1.45  •  1.47  for  O^/SiHa  (u  raliat  of  1.33  or  giaatcr.  Ihit  wggatit  a  non-linaar  bahavior 
in  both  ttochiomaliy  and  refraetiva  indax  ovar  tha  gM  flow  faiio  tai^  of  1.15  to  100. 

Figura  2  it  a  ttadwd  plot  of  the  trantmitsian  ^actn  obtainad  for  lha  tama  unptdithad  filmt 
whila  figuia  3  it  a  tiackad  plot  of  dta  raflactanca-abtocbanca  tpactra  for  lha  cortatponding  fihnt. 
TTantmittion  ^aclra  of  SiO(  daposilad  on  Si  did  not  atatch  axactly  with  laflactanca-abtoibanca 
tpactra  of  SKV  depotitad  on  malaUiacd  tubtlialat.  Howavar,  at  can  ba  tacn  in  figure  4.  wa  fouitd  a 
good  correlation  between  tha  two  for  a*-dapotilad  filmt.  In  both  cates,  at  lower  02/SiH4  gat  raliot, 
the  bonded  Si-OH  peak  at  about  3650  cm'^  it  hardly  visible:  howavar,  at  O^/SiHe  gat  ratiot  greater 
than  1 J3,  its  prasanca  is  evident  In  general,  the  Si-W  content  of  the  fihn  inctaates  as  the  Oj/SiHa 
gas  ratio  is  inciaascd  from  1.33  to  100.  The  incraporaiion  of  hydrogen  in  the  at-depotitod  films  is 
evidenced  through  tha  pretence  of  two  Si-H  inodes  at  M4  cm'^  and  2250  cm'l.  Compared  to  the 
band  at  2250  cm'*,  die  mode  at  <84  cm*^  appeals  to  be  more  uniformly  dittributad  through  die  film. 


Figure  1  Transmission  FTTR  spectra  of  as-deposiled  ECR  films  at  difierent  OzSiHe  gat  raliot: 
100  (top),  1 J57, 133  and  1.15  (bottom) 


Figures:  Refleclanca-abtoibanceFTIIl  tpactra  of  at-dcp.ECR  filmt  at  different  Q^SiHa  gat  ntiot: 
100  (top).  1357, 133  and  1.15  (bottom) 
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TKmc  obMivatiem  confina 
earlier  hypotheic*  tint  presence  of 
excett  ^  affteft  the  reaction 
mechanism  bi  the  process  chamber 
and  is  martifested  as  tht  absence  or 
presence  of  Si-OH  groups  in  the 
deposited  SiOi-  Also,  it  is  evident 
from  both  transmission  and 
reflectancc-absoibance  spectra  diat 
the  Si-O-Si  asynunetric  stretdi  peak 
position  at  about  1075  cm*  i 
increases  with  increasing  02/Sifl4 
gas  ratio.  This  is.  perhaps, 
indicative  of  changes  fat  density  or 
strain  in  the  deposited  film.  Note 
dtal  dte  bending  and  loddng  modes 
1070  1075  1080  1085  1090„  .bout  808  cm**  and  460  cm-‘ 

Transinission  Si-O  ASM  Frequency  respectively  are  unaffected  by 

Hgute  4:  Cofielation  between  reflectance-absorbance  and  dtsnges  fat  02/SiH4  gas  ratio.  Also, 
transmission  spectra  of  as-deposted  SiOx  films  note  that  the  leflectance-absotbanee 

^eclia  actually  show  structure  on 
the  high  frequency  shoulder  of  the  asymmetric  stretchirtg  mode.  This  fiequency  shouldee  at  about 
1240  cm‘T  wssfoundtoconelate  very  well  to  oxide  film  thickness. 

EFFECTS  OF  CMP  PRCXrESaNG 


Figure  S  shows  die  removal  rate  of  the  SiO.  films  due  to  CMP.  The  removal  rate  was 
determined  for  discreet  60  second  polishing  intervals.  hKreasing  dte  content  in  the  reaction  gas 
mixture  leads  to  a  significant  iitciease  in  the  polishing  rate.  Note  diat  as  die  02  partial  pressure  in  dte 
chamber  is  increased,  reaction  2  above  is  favored.  Consequently,  die  resulting  films  tend  to 

incorporate  increasing  amounts  of 
H2O,  Si-(W  and  Si-H  as  is  shown  fai 
figures  2  and  3. 

FuU-width-at-half-heigfrt 
(FWHH)  and  position  of  the  S-O 
-|-  stretching  frequency  are  influenced 
by  bonding  environment, 
stochiometry,  density  and  porosity 
of  the  SiQ,  film.  FWHH  is  known 
to  be  related  to  degre  of  perfection 
-|-of  the  SiQ,  structure.  We  found 
FWHH  obtained  in  case  of 
I  transmission  spectra  to  be  linearly 
related  to  peak  frequency.  Hgiire6 
shows  the  variation  in  FWHH  for 


Figure  5: 


1.4  1.6  1.8 

02/SiH4  Ratio 

Dependeooe  ^  CMP  oxide  removal  rales  00 
02:SiH4  gas  flow  ratio 


,the  asymmetric  O-Si-O  stretching 
'frequeiKy  as  a  function  of  polishing 
time  for  the  different  Qs^iHs  ratios. 
FWHH  it  observed  lo  be  a  strong 
function  of  die  Q2/SiH4  gas  ratio  fai 
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Peak  Area  Of  ASM  Band,  ub.iiiuU  Full  Width  At  Half  Heig|ht(]FWHH) 


0  SO  100  ISO  ^ 
Cumulative  Polishing  lune,  secMds 

Figure  6:  Variatkn  in  FWHH  with  polish  time  for 
different  02:SiH4  gas  ratios 


50  100  ISO  200 

Cumulative  Polish  Tune,  seconds 

Variatioa  in  peak  area  of  ASM  band  of 
traits,  spectra  as  a  function  of  polishing  time 


the  caM  of  unpolished  SiQ,  •  u.,  at 
polishing  ttme  ctpial  to  0.  Abo, 
theft  ai«  small  changes  in  FWHH  in 
each  ogdde  group  as  the  SiQi  b 
polished.  Thb  suggesb  that  the 
oxide  film  is  altered 
microsiructurally  during  the 
pohshing  process. 

Figure  7  shows  the 
variation  in  peak  area  of  the 
asymmetric  O-Si-O  stretching  mode 
using  transmission  spectral  data  as 
a  function  of  polishing  time,  and 
therefore,  film  thickness.  It  b 
observed  that  there  b  an  excellent 
correlation  between  peak  area  and 
polishing  time. 

roNtiiigt»JS 

Transmission  and 
reflectance-absorbance  FTIR  spectra 
have  been  used  to  study  and 
characterize  as-deposited  and 
polished  oxide  films  deposited 
using  ECR  plasmas  at  different 
C)2/SiH4  gas  flow  ratios. 
Reflectance-absorbance  spectra 
using  metallized  substrates  appear 
to  yield  more  mfoimation  compared 
to  transmission  spectra.  The 
[  Qj/SiHa  gas  flow  ratios  during 
deposition  was  found  to  aRect  dieir 
polishing  rate  and  amount  of  -OH 
groups  present  in  them.  Based 
2^upon  these  results,  FTIR 
spectroscopy  appears  to  be  a  useful, 
non-destructive  technique  to 
investigate  CMP  medumisms. 
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ABSTRACT 

Samples  of  cbemicaUy-vapor-deposited  sub-miaometer-thick  films  of  polysilicon  were 
analyzed  transmission  electron  microsct^  (TEM)  in  cross-section  and  by  Raman  spectroscopy 
with  illumination  at  their  surfiue.  TEM  and  Raman  spectroscopy  both  find  varying  amounts  of 
polycrystalline  and  amorphous  silicon  in  the  wafers.  Raman  spectra  obtained  using  blue,  green  and 
red  ecchation  wavelengths  to  vary  the  Raman  sampling  depth  are  compared  with  TEM  cross- 
sections  of  these  films.  Some  films  have  Raman  spectra  with  a  band  near  497  cm~^  corresponding 
to  numerous  nanometer-scale  fiuihed  regions  in  the  TEM  micrographs. 

INTRODUCTION 

Polysilicon  films,  which  have  microelectronic  applications,  are  produced  by  chemical-vapor- 
deposhion  (CVD).  The  silicon  deposited  in  this  manner  ranges  from  fiilly  (poly)crystalline  to 
amorphous,  depending  on  the  conditions  in  the  reactor.  Two  characterization  techniques  which 
have  been  successfully,  but  largely  independently,  used  to  characterize  silicon  structure  are 
transmission  electron  microscopy  (TEM)  and  Raman  spectroscopy.  The  electron  image  produced 
by  TEM  (in  either  cross-section  or  ”plan*  view)  provides  visual  indication  of  the  grain  size  and 
shape  of  crystalline  silicon  domains  and  allows  an  estimate  of  the  amount  of  crystalline  versus 
amorphous  structure.  The  spatial  distribution  of  crystalline  and  amorphous  r^ons  is  also 
apparent  in  TEM  images.  Raman  spectroscopy  is  a  light-scattering  technique  based  on  the 
inelastic  interactions  between  incident  photons  and  phonon  nKxles  in  the  material  being 
illuminated.  The  resultant  "Raman  shift"  of  the  inelastically  scattered  photons  corresponds  to  the 
phonon  frequency  (energy)  involved  in  the  interaction.  For  single  crystal  silicon  or  polycrystalline 
silicon  with  domains  of  10  nm  or  greater  in  size,  the  fundamental  phonon  mode  is  expressed  as  a 
narrow,  symmetric  Raman  band  occurring  at  a  frequency  shift  (Raman  shift)  of  about  521  cm*I 
from  the  frequency  of  the  incident  photons^ .  The  Raman  band  of  amorphous  silicon  is  broad  and 
occurs  in  the  460-490  cm*l  ranged  This  paper  presents  the  results  of  a  joint  TEM  and  Raman 
study  of  sub-micrometer-thick  polysilicon  films.  Cross-sectional  TEM  images  are  compared  to 
Raman  spectra  obtained  with  different  effective  depths  of  penetration  by  varying  the  frequency 
(wavelength)  of  the  incident  photons.  Comparison  of  the  TEM  and  Raman  data  provides  insights 
into  the  structures  of  the  polysilicon  films  not  apparent  from  either  set  of  data  alone. 

EXPERIMENTAL 

The  polysilicon  films  were  deposited  on  ISO  mm  diameter  <100>  silicon  wafers  on  which 
had  been  grown  140  nm  of  field  oxide.  The  films  woe  deposited  in  a  rotating  disk  reactor  using 
silane  or  disilane  as  the  source  gas  under  varying  conditions  of  temperature  and  flow  rate. 

*  This  work  was  performed  at  Sandia  National  Laboratories,  ^^ch  is  operated  for  the  U.S. 
Department  of  Energy  under  contract  number  DE-ACO4-94AL8S0OO,  ^  at  the  Semiconductor 
Equipment  Technology  Center  (SETEC)  of  Sandia  Natioiud  Laboratories,  Albuquerque,  New 
Mexico  8718S  and  Livermore,  California  94SS0  for  SEMATECH  under  (TRADA  SC92-1082. 
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I 

i  Samples  were  prepared  in  cross-section  for  TEM  analysis.  Cross-section  pieces  woo 

wa&red  (m  a  dicing  saw,  epoxied  together,  ground  and  polished  to  «12S  pm  thickness,  dimpled 
^  on  the  back  side,  ion-milled  at  a  shallow  angle  to  perforation  and  examined  in  a  Phillips  CM30 

,  TEMat300kV. 

Raman  qiectra  were  obtained  using  a  triple  spectrograph  (6  cm*^  resolution)  with  a  charge- 
I  coupled  detector  (CCD).  Film-side  sur&ces  of  the  samples  were  illuminated  as-rec«ved  with 

KXtaW  of  the  4S7.9  nm ,  488.0  nm  and  S  I4.S  nm  wavelengths  from  an  argon-ion  laser  and  the 
I  647. 1  nm  wavelei^th  from  a  krypton-ion  laser.  The  laser  beam  impinged  the  film  surfrwe  at  a  40° 

!  angle  to  it  and  was  fiscused  to  an  approximately  2  mm  by  0. 1  mm  line.  All  Raman  spectra  in  this 

paper  are  presented  with  a  vertical  intensity  axis  and  a  horizontal  Raman  shift  axis. 

effective  RAMAN  PENETRATION  DEPTH 

Vi^le  light  is  strongly  absorbed  by  demental  silicon,  penetrating  on  the  order  of  hundreds 
of  nanometers.  Absorption  coefficients  vary  strongly  with  wavelength^.  An  estimate  of  the 
'  effective  depth  throu^  which  Raman  signals  are  obtained  is  provided  by  Equation  (1); 

’  X<j  =  fiinc((p)/kx[l  +  fiinc(<p)]  (lO^nm/cm)  (1) 

I  which  was  derived  from  Snell's  Law  of  Refiaction  and  the  absorption  relation  for  radiation,  I  = 

Ioexp(-kxx).  fiinc(<|>)  ==  cos  (sin~l[cos<p/n]),  where  <p  is  the  angle  of  the  laser  beam  propagation 
with  respect  to  the  film  surfiux,  and  n  is  the  index  of  refraction  of  the  film  at  wavdength  X.  Iq  and 
I  are  the  intensities  of  the  light,  respectivdy,  at  the  surface  and  at  depth  x  of  the  film,  which  has  an 
absorption  coeffident,  kx  (cm*l)  at  wavdength  X  (same  value  assumed  for  incident  and 
indastically  scattered  photons).  Xj  is  the  depth,  in  nm,  from  wdiich  inelastically  scattered  light,  as 
measured  at  the  film's  surface,  is  1/e  the  intensity  of  light  from  inelastic  scatter  events  at  the  film's 
j  sur&ce.  Equation  (1)  takes  into  account  attenuation  of  the  inddem  laser  photons  by  the  film,  the 

\  path  of  the  laser  beam  in  the  film  and  attenuation  of  inelastically  scattered  photons  during  thdr 

j  propagation  out  of  the  film.  Using  Equation  (1)  with  <)>  =  40°  and  kx  and  n  for  crystdline  silicon 

‘  from  Aspnes^,  the  effective  penetration  depths  for  the  laser  wavelengths  used  in  this  study  are 

shown  in  Table  1 .  These  penetration  depths  are  estimates  valid  only  for  crystalline  silicon. 
Absorption  coeffidents  for  amorphous  silicon^  are  not  as  well  known  but  appear  to  be  at  least  ten 
times  as  huge  as  for  crystalline  silicon,  reducing  penetration  depths  proportionately.  Reflection 
and/or  interference  effects  at  the  field  oxide  layer  appear  to  prevent  penetration  of  light  past  the 
field  oxide  layer. 

TABLE  1 

i  Effective  Raman  Penetratkm  Depth  in  Crystalline  Silicon 


Waveleiisibf  nm 

Xri  (nm> 

457.9 

136 

488.0 

241 

514.5 

331 

647.1 

1473 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  TEM  micrograph  of  a  polysilicon  film  and  the  corresponding  Raman 
spectra  with  exdtation  wavelengths  as  ii^icated.  The  light  band  at  the  bottom  of  the  micrograph 
is  the  field  oxide  layer.  Raman  scatter  from  the  field  oxide  was  found  to  be  of  too  low  an  intensity 
to  contribute  significantly  to  the  Raman  spectra  presented  in  this  paper,  even  in  situations  where 
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Raman  Shift,  cm-* 

Figure  1.  TEM  micrograph  and  Raman  spectra  of  a  polysilicon  film.  Arrows  point  to 
the  effective  penetration  depth  of  the  excitation  wavelength  in  crystalline  silicon. 

the  excitation  wavelength  is  expected  to  penetrate  to  the  field  oxide  layer.  Effective  Raman 
penetration  depths  (estimated  for  crystalline  silicon  •  Table  1)  for  the  excitation  wavelengths  are 
also  indicated  in  the  figure.  The  dark/light  irregular  features  in  the  micrograph  are  r^ons  of 
crystalline  silicon.  The  featureless,  smooth  areas  are  interpreted  as  r^ons  of  amorphous  silicon. 
The  micrograph  suggests  that  regions  of  mixed  crystalline  and  amorphous  silicon  phases  underlie 
a  crystalline  surface.  Below  a  depth  of  0.4  pm,  the  alkon  appears  to  be  totally  amorphous.  The 
Raman  spectra  change  as  expected  for  increasing  penetration  depth  with  increasing  excitation 
wavelength.  For  the  shorter  excitation  wavelenmhs  (457. 9-S 1 4.  S  nm)  e  Raman  spectra  show  a 
narrow  band  due  to  crystalline  silicon  (519  cm*‘)  and  broader  band  of  lower  peak  intensity  due  to 
aitx>rphous  silicon  (483  cm'^),  which  increases  slowly  in  rdative  intensity  as  the  excitation 
wavelength  (and  penetration  depth)  increases.  Even  if  the  upper  layers  of  the  film  were  totally 
crystalline  silicon,  only  the  647. 1  nm  excitation  wavelength  would  be  expected  to  penetrate  below 
the  crystalline  layers  to  the  totally  amorphous  re^on.  The  Raman  spectrum  obtain^  with 
647. 1  nm  excitation  shows  a  significantly  increased  rdative  intensity  in  the  amorphous  silicon 
band,  corresponding  to  the  totally  amorphous  silicon  layer  below  0.4  pm  in  depth.  The  high 
absorptivity  of  the  amorphous  silicon  region  probably  prevents  significant  penetration  of  even  the 
647. 1  nm  wavelength  through  the  totally  amorphous  region  to  the  field  oxide  layer. 

Figure  2  shows  the  TEM  micrograph  and  corresponding  Raman  spectra  of  a  polysilicon  film 
with  what  appears  from  the  micrograph  to  be  a  region  of  largely  amorphous  silicon  overiying 
silicon  crystallites.  With  the  relatively  high  absorptivity  of  amorphous  alicon  the  actual 
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Figure  2.  TEM  micrograph  and  Raman  spectra  of  a  polysilicon  film  .  Arrows  point  to 
the  effective  penetration  depth  of  the  excitation  wavelength  in  crystalline  silicon. 

penetration  of  the  excitation  wavelengths  may  be  10%  of  the  effective  penetration  depths  for 
crystalline  silicon  (as  indicated  in  Table  1  and  the  figure).  The  457.9  nm  excitation  wavelength 
does  not  penetrate  past  the  amorphous  layer,  so  that  the  457.9  nm-excited  Raman  spectrum 
shows  mainly  the  amorphous  silicon  band  (485  cm*^)  with  a  hint  of  crystalline  silicon  (520  cm'^) 
from  scattered  crystallites.  The  647. 1  nm  excitation  wavelength  is  expected  to  penetrate  between 
0. 1  and  0.2  pm  in  amorphous  silicon  (10%  of  the  value  in  Table  1)  and  yields  a  Raman  band  near 
520  cm'^  from  the  underlying  silicon  crystallite  layer  in  addition  to  the  amorphous  silicon  band. 

Figure  3  shows  the  TEM  micrograph  of  a  film  vnth  an  apparently  crystalline  but  columnar 
alicon  structure  throughout  its  depth.  The  associated  Raman  spectra  show  a  dominant  band  due 
to  crystalline  silicon  (521  cm'*)  plus  a  low-imensity  band  pealdng  near  497  cm'*.  The  band  near 
497  cm'*  corresponds  to  neither  crystalline  silicon  nor  amorphous  silicon.  The  constancy  of  the 
intensity  ratios  of  the  497  and  521  cm'*  bands  for  457.9  and  647. 1  nm  exciUtion  wavelengths 
suggests;  one,  that  the  species  responsible  for  the  497  cm'*  band  is  associated  with  the  columnar 
structures  and  is  in  approximately  constant  concentration  throughout  the  depth  of  the  film;  and 
two,  that  the  647. 1  nm  excitation  does  not  penetrate  past  the  field  oxide  layer  (possibly  due  to 
reflection  and/or  interference  effects)  to  the  substrate  silicon.  If  the  647. 1  nm  excitation 
significantly  sampled  the  silicon  substrate,  the  intensity  of  the  crystalline  silicon  (521  cm'*)  band 
should  increase  relative  to  the  intensity  of  the  497  cm'*  band. 

An  expanded  image  (see  Figure  4)  of  the  micrograph  in  Figure  3  shows  numerous  striations 
or  fringes  in  the  columnar  silicon  structures.  These  features  are  believed  to  be  fruits  or 
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Figure  3.  TEM  micrograph  and  Raman  spectra  of  a  polysilicon  film.  Arrows  point  to 
the  effective  penetration  depth  of  the  excitation  wavelength  in  crystalline  silicon. 


dislocations  on  the  nanometer  scale.  A 
micrograph  of  an  annealed  film  prepared  under 
similar  conditions  (Figure  5)  does  not  show  the 
columnar  structures  and  dislocations,  only 
relatively  large  crystalline  regions.  The  Raman 
spectrum  of  the  annealed  film  (Figure  5)  lacks 
the  497  cm~^  band  and  has  a  significantly 
narrowed  band  due  to  crystalline  silicon.  We 
conclude  that  the  Raman  band  near  497  cm'f 
corresponds  to  the  faulting  present  in  the 
micrographs  of  the  as-deposited  film  (Figures  3- 
5),  which  we  believe  results  in  nanometer-scale 
silicon  structures,  perhaps  only  a  few  unit  cells 
in  extent.  Olego  and  Baumgart'^  observed  a 
similar  Raman  band  at  490-500  cm'l,  which 
they  ascribed  to  surface  layers  of  silicon  that  act 
as  grain  boundaries  for  crystalline  silicon 
inclusions  in  an  Si02  matrix. 


Figure  4.  Expanded  TEM  micrograph  of 
the  columnar  structures  in  the  polysilicon 
film  also  shown  in  Figure  3. 


Figure  5.  TEM  micrographs  and  Raman  spectra  of  the  as-deposited  polysilicon  film 
with  a  columnar  structure  (see  Figures  3  and  4)  and  an  annealed  film. 


SUMMARY 

TEM  micrographs  and  Raman  spectra  of  polysilicon  films  provide  confirmatory  and 
complementary  information  for  the  identification  of  crystalline  and  amorphous  phases  and  their 
spatial  distribution.  Dislocations  or  faulting  in  TEM  micrographs  of  columnar  structures  in 
polysilicon  films  are  correlated  to  a  specific  band  at  497  cm'^  in  Raman  spectra  and  are  identified 
as  nanometer-scale  silicon  structures.  Thus,  comparison  of  TEM  and  Raman  data  provides 
insights  not  available  from  either  set  of  data  alone.  More  sophisticated  modeling  of  the  effective 
Raman  penetration  depth  using  accurate  values  for  the  absorption  coefficient  of  amorphous  as 
well  as  crystalhne  silicon  should  improve  the  correlation  between  TEM  and  Raman  data. 
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ABSTRACT 

The  effect  of  ion-implantation  followed  by  a  rapid  thermal  annealing  was  investigated  in  boron- 
doped  silicon  using  photoluminescence  (PL)  spectroscopy.  The  radiation  induced  defects  giving 
rise  to  the  G.  W  and  C  PL  lines  ate  completely  passivated  by  a  hydrogen  plasma  treatment. 
However  this  hydrogen  exposure  also  introduces  broad  and  deep  luminescence  structure  as  well 
as  new  sharp  PL  lines  very  near  the  silicon  band  gap.  Up  to  twelve  new  lines  are  observed  at  low 
temperature  (<  20K).  One  of  them  exhibits  a  very  low  exciton  localisation  energy  («  2  meV) 
compared  to  the  value  measured  for  classical  shallow  donors  or  acceptors,  and  is  observed  only  at 
very  low  temperature  (<4K).  A  broad  deep  PL  band  with  a  halfwidth  of  30  meV  is  observed  at 
around  92S  meV.  The  excitation  power  dependence  and  the  temperature  dependence  of  the  PL 
intensity  of  these  sh^  lines  and  the  broad  band  ate  presented.  Tentative  correlations  with  the  data 
currently  available  in  the  literature  are  presented  for  the  understanding  of  the  formation  of  Ae 
defects  associated  to  the  broad  band  as  well  as  the  sharp  near  band  g^  PL  lines. 


INTRODUCTION 

The  incorporation  of  hydrogen  into  crystalline  semiconductors  has  been  a  matter  of  intense 
experimental  and  theoretical  studies  [1]  during  the  last  decade,  due  mainly  to  the  ability  of 
hydrogen  to  passivate  electrical  activity  of  both  shallow  and  deep  level  deflects.  Experimental 
techniques  such  as  absorption  spectroscopy  and  electrical  measurements  are  commonly  used  in 
these  studies.  Although  photoluminescence  (PL)  spectroscopy  is  a  powerful  technique  for  the 
study  of  defects  in  semiconductors,  it  does  not  yet  appear  to  be  extensively  used  in  the  case  of 
hydrogen  studies,  and  the  list  of  publications  on  this  topic  is  limited  [2-9].  Therefore  the  aim  of 
this  work  is  to  present  and  discuss  PL  data  retrieved  on  p-type  silicon  samples  after  implantation 
and  hydrogenation  treatment.  Passivation  of  the  radiation  induced  defect  is  observed  and  two 
distinct  types  of  recombination  processes  are  seen  after  hydrogenation. 


EXPERIMENTAL  PROCEDURE 

Sample  preparation. 

Boron  doped,  (100)  oriented,  Czochralski  grown  silicon  wafers  have  been  used  in  this  study, 
and  they  were  divided  into  four  parts  which  were  then  differently  processed.  The  initial  room- 
temperature  resistivity  of  the  material  was  10  Ocm. 

Ion  implantations  with  mercury  ions  were  performed  at  nominal  room-temperature  into  a  part 
of  the  polished  faces  of  the  wafers  with  doses  in  the  range  5x10*^  to  5x10***  cm'2  at  100  keV.  A 
rapid  thermal  annealing  (RTA)  at  the  temperature  of  1000°C  was  then  carried  out  during  30  s.  This 
treatment  is  usually  done  in  the  device  technology  and  is  known  to  activate  implanted  impurities 
and  to  remove  implantation  damage  with  as  little  redistribution  of  the  implanted  impurities  as 
possible.  After  RTA  treatment,  a  hydrogen  plasma  treatment  was  performed  on  one  half  of  the 
wafers  during  2  hours  at  200°C  in  a  downstream  system  as  described  in  Ref.l.  Subsequent 
conventional  thermal  annealing  of  the  various  samples  (implanted  or  RTA  treated  or 
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hydrownated)  was  done  in  a  diffusion  fuinace  in  air  ambient  with  the  samples  placed  in  a  quartz 
tube.  These  annealings  were  performed  during  one  hour  in  the  temperature  range  of  SO  to  S00°C. 
Tim  samples  were  given  a  20  s  dip  in  HF  before  and  after  each  aim^ing.  To  enable  a  comparison 
and  to  control  und^irable  contamination  a  reference  sample  (starting  material)  was  also  annealed 
at  the  same  time  as  the  studied  samples.  An  efficient  radiative  defect  was  found  to  be  introduced  in 
the  silicon  after  the  mercury  implantation  and  subsequent  annealing,  which  has  recently  been 
reported  separately  [10]. 


Photoluminescaice  spectroscopy. 

PL  measurements  were  done  in  the  temperature  range  from  2K  to  ~1(X)K.  excited  with  the 
S14.S  run  line  of  an  Ar^  ion  laser.  The  luminescence  collected  from  the  sample  was  spectrally 
resolved  by  a  double  grating  monochromator  fitted  with  two  600  grooves/mm  ^tings  blazed  at 
1.6  pm  (SPEX  1404  0.85m).  For  the  detection  a  liquid  nitrogen  cooled  North  Coast  £0817  Ge 
detector  was  used  with  conventional  lock-in  technique.  Tl»  excitation  power  was  around  10 
mW/mm^  on  the  sample  with  an  unfocused  laser  spot  The  spectra  were  not  corrected  for  the 
response  of  our  detection  system.  Using  the  5 14.5  nm  radiation  from  the  Ar'*'  ion  laser  as  the 
excitation  source  the  penetration  depth  of  the  excitation  light  into  the  silicon  crystal  is  about  1pm 
at  2K.  However  the  diffusion  depth  of  the  photo-generat^  carriers  is  much  larger  and  strongly 
dependent  on  the  concentration  of  the  defects  present  in  the  crystal.  However  the  depth  of 
characterised  material  with  this  laser  excitation  will  cover  both  the  depth  of  implantation  and  of 
hydrogenation  treatment 
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Fig.l  :  PL  spectra  recorded  at  2K  on  the  control  sample  (a), 
after  implantation  with  the  doses  of  10^^  cm-2  (b),  and  after 
hydrogen  treatment  (c),  respectively.  The  structure  observed 
around  0.9  eV  is  due  to  water  absorption,  and  the  labels  of  the 
lines  are  explained  in  the  text.  The  parts  of  the  spectra 
indicated  by  the  arrows  are  magnifed  by  a  factor  10  as 
specified  on  the  figure. 


Broad  band  ia  the  fL  spectta 

On  the  part  of  the  samples 
submitted  to  the  RTA  treatment 
alone,  no  changes  of  the  PL 
spectrum  were  observed,  from 
a  comparison  with  the  PL 
spectrum  of  the  starting  material 
(Fig.l. a).  The  spectra 
contained  the  phonon  replica  of 
the  boron  bound  exciton  (BE) ; 
a  very  weak  no-phonon  (NP) 
transition,  the  transverse- 
acoustic  (B^A),  the  transverse- 
optical  transition  (B^O),  the 
two-phonon-replica  transition 
(B2T0)  the  two-hole- 
transition  (B^h)  of  the  boron 
BE  [11).  However  in  the 
spectra  taken  from  the 
implanted  samples  other  BE 
lines  are  observ^.  They  are  the 
W,  G  and  C  lines  [1 1],  as  well 
as  a  line  located  at  1012  meV 
(Fig.l.b).  A  typical  PL 
spectrum  observed  on  the 
samples  after  RTA  and 
hydrogen  treatment  (with  or 


262 


Photon  Energy  (eV) 


Fig.2 :  PL  spectra  of  a  hydrogenated  silicon  sample  recorded 
at  4K  (a),  8K  (b).  30K  (c),  SOK  (d).  80K  (e).  lOOK  (f)  and 
140K  (b).  respectively. 


without  implantttkm)  is  shown 
in  Fig.l.c.  Together  with  the 
phonon  replica  of  the  boron  BE 
additional  broad  lines  or  bands 
are  observed.  The  dominant 
band  is  located  at  about  92S 
meV  (with  a  rather  laige  width 
of  45  meV),  two  broad  lines  as 
superimpo^  on  this  band  are 
detected  at  about  964  meV  and 
1020  meV  and  a  large 
background  signal  spreading 
from  0.75  to  1.(10  eV  completes 
the  observed  spectrum.  Various 
sharp  PL  lines  were  also 
observed  in  the  very  near  band 
gap  region  as  will  be  presented 
in  the  next  section. 

The  dependence  on  the  laser 
excitation  power  was  measured 
for  the  B2T0,  w.  1012  meV 
lines  and  the  broad  band  (925 
m'*'’).  Their  PL  intensity  was 
fui  d  to  increase  linearly  with 


power,  until  saturation  is  obtained  at  a  high  enough  excitation  powi 

The  two  broad  lines  (964  and  1020  meV)  are  more  easily  observed  by  increasing  the 


measurement  temperature  since  the  BE  related  lines  then  start  to  be  rapidly  thermally  quenched,  as 
shown  in  Fig.2  (b  and  c).  Above  40K  these  broad  lines  (964  and  1(^0  meV)  don't  appear  in  the 
PL  spectra  whereas  the  dominant  band  (925  meV)  shifts  in  position  to  the  lower  energy  side  and 
decreases  in  intensity.  The  vaiiatitm  of  the  energy  position  as  well  as  the  integrated  PL  intensity  of 
the  broad  band  (925  meV)  are  plotted  in  Fig.3.a  and  the  Arrhenius  plot  of  the  tmnperature 
dependence  is  displayed  in  Fig.3.b.  A  thermal  deactivation  energy  of  about  45  raeV  is  determined 


by  the  slope  of  the  straight  line  fitting  the  high  temperature  data. 

We  have  performed  an  isochronal  annet^g  on  tte  hydrogenated  sample  and  the  evolution  of 
the  broad  bands  is  shown  in  Fig.4.  Below  300°C  of  annealing  no  changes  in  intensity  neither  in 


Temperature  (K)  Reciprocal  Temperature  (K'^) 


Fig.3  :  (a)  Variation  of  the  energy  position  (Ep)  of  the  broad  band  (925  meV)  and  the  band  gap 
(^,  and  PL  intensity  of  the  bro^  band  as  a  function  of  tte  temperature. 

(b)  Temperature  dependence  of  tte  broad  band  detected  at  925  meV.  The  variation  of  tte 

0  173  T2 

band  gap  is  calculated  using  the  equation  ;  Eg(T)  =  1170  -  7^35  (meV)  where  the 
temperature  T  is  in  K. 
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energy  position  are  detected.  After  3S0°C  and  400°C  beat  treatment  the  broad  band  is  shifted  to 
higl^  mtergy  and  a  slight  decrease  in  intensity  is  observed.  The  broad  band  has  completely 
vanished  aflaranmading  at  temperature  higher  or  equal  to  45Q°C. 


The  near-baad  gap  emiasioos. 


Together  with  the  broad  band  observed  in  the  range  1.02  to  0.90  eV  sharp  n.  lines  were  also 

observed  in  the  very  near  band 
gap  region  of  implanted  and 
hydrogerutted  samp^,  as  shown 
in  Fig.S.  The  labels  and  energy 
positions  (Epos)  of  these  lines 
together  with  dte  boron  related 
BE  lines  are  listed  in  Table.l,  as 
well  as  the  calculated  localisation 
energy  (E|oc)  if  these  lines  are 
considered  as  NP  lirtes.  Their  PL 
intensity  was  found  to  be 
independent  of  the  ion 
implantation  dose.  The 
dependence  on  the  laser  excitation 
power  (Iiaser)  of  the  PL  intensity 
Photon  Energy  (eV)  (hine)  shows  at  low  excitation 


Fig.4  :  PL  spectra  recorded  at  2K  before  armealing  (a), 
after  annealing  at  350‘>C  (b),  400<>C  (c)  and  450“C  (d) 
respectively,  for  one  hour. 


Fig.S  :  High  resolution  PL  spectrum  at  2K  of  a  silicon  sample 
implanted,  RTA  and  hydrogen  treated.  The  label  BMEC  is 
us^  for  the  fi.ound-Multi-il^citon-£omplex  lines  associated 
with  the  neatest  BE  boron  line  (BNP  and  B^A), 

Table  I :  Label,  energy  position  Epm  in  meV  and  localisation 
energy  Eioc  in  meV  of  the  near  ^d  gap  lines.  The  energy 
positions  were  measured  at  2K  with  an  accuracy  of  ±  0.2  meV 
and  the  localisation  energies  were  calculated  as :  Ejoc  =  Eg  - 
Enp  ~  Epos,  where  ^=1 169.5  meV  is  the  Si  gap  and  Enp  = 
14.3  meV  is  the  binding  energy  of  the  FE. 


power  a  relation  as  lUne  = 

C  l“^r*  '*'hete  C  is  a  constant 
and  n  is  in  the  range  0.6<n<l. 
Fig.b.a  shows  PL  spectra  in  the 
very  near  band  gap  region 
recorded  at  various  temperatures. 
The  PL  intensity  of  some  of  these 
lines  are  plotted  as  a  futx;tion  of 
the  temperature  in  Fig.b.b.  As 
shown  in  the  two  figures,  the 
temperature  dependence  of  the  PL 


Label 

Enos 

mm 

LI 

1153.2 

2 

L2 

1152.2 

3 

bnp 

1150.8 

EM 

L3 

1149.5 

EMi 

L4 

1146.6 

8.6 

L5 

1143.6 

11.6 

L6 

12.7 

L7 

1141.8 

13.4 

L8 

1140.6 

14.6 

L9 

1139.4 

ESB1 

LIO 

1135.3 

19.9 

Lll 

1133.4 

21.8 

L12 

1068.1 

87.1 

264 


Fig.6 :  (a)  PL  spectra  after  implantation,  RTA  and  hydrogen  treatment  recorded  at  the  indicated 
tempetatutes.(b)  The  integrated  PL  intensity  of  some  of  the  near  band  gap  lines  as  a  function  of 
the  measuiement  temperatuie. 


Fig.7*(a)  PL  spectra  at  1.8K  after  implantation,  RTA.  hydrogen  treatment  and  subsequent 
anneaung  at  the  indicated  temperatuies.(b)  The  integrated  PL  intensity  at  1 .8K  of  some  of  the  near 
band  gap  lines  as  a  function  of  the  annealing  temperature. 

intensity  of  these  new  near  band  gap  liiu'S  are  different  LI  and  L4  decrease  in  intensrty  as  the 
sample  temperature  increases,  whereas  Lc  and  L8  lines  increase  in  intensity  until  a  maximum  is 
observed  at  around  8K  and  4K  respectively  before  being  thermally  quenched.  No  accurate 
determination  of  tte  thermal  activatio/i  ^-ncrgy  could  be  done  with  these  data,  due  to  a  too  weak 
PL  intensity  and  a  fast  thermal  quenching.  In  Fig.7.a  PL  spectra  recorded  before  and  after 
isochronal  annealing  are  displayed  and  the  PL  intensity  of  some  of  the  near  band  gap  lines  are 
plotted  versus  the  armealing  temperature  in  Fig.7.b.  The  LI  and  L2  lirtes  show  a  similar 
behaviour  with  an  increase  in  intensity  up  to  100°C  annealing,  followed  by  an  intensity  decrease  at 
about  200X  annealing.  They  are  not  observed  after  anitealing  at  400°C.  The  PL  intensity  of  the 
L6  and  L8  lines  decreases  faster  as  the  annealing  temperature  irtcreases  and  they  are  not  detected 
after  150‘'C  and  200^  annealing,  respectively. 


DISCUSSION 

From  the  PL  results  described  above  it  is  clearly  shown  that  distinct  recombination  processes 
occur  in  our  hydrogenated  silicon  samples  and  they  are  certainly  related  to  different  defects 
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involving  hydrogen.  The  deep  broad  band  observed  at  around  925  meV  as  well  as  the  two  broad 
lines  obs^ed  at  1020  and  9M  meV  are  very  similar  to  those  reported  after  reactive-ion-etching 
usiM  various  plasma  comhtions  [2-5]. 

Ine  broad  PL  band  at  925  meV  is  then  assumed  to  arise  from  an  electron-hole  recombination 
proo^  around  extended  defects  where  a  local  modification  of  the  crystalline  potential  can  be 
considered.  Both  electrons  and  holes  could  be  localised  in  potential  wells  due  to  the  highly 
strained  silicon  lattice  surrounding  these  extended  defects  [6].  The  broad  lines  at  1020  and  964 
meV  can  be  associated  to  the  NP  and  TO  phonon  replica  recombinations  of  the  same  exciton 
bound  to  a  complex  defect  which  probably  involves  an  intrinsic  point  defect  and  hydrogen.  The 
broadening  of  these  lines  is  assumii»i  to  be  due  to  an  inhomogeneous  strain  around  this  complex 
defect 

A  series  of  sharp  lines  was  previously  r^rted  in  the  near  band  gap  region  (from  1 148  meV  to 
1095  meV)  in  samples  irradiated  by  fast  neutrons  and  then  tteated  by  hydrogen  plasma.  TlKse 
lines  were  associate  with  excitonic  transitions  at  hydrogen  donor  complexes  [8],  Moreover  sharp 
PL  lines  in  the  range  1 147-1137  meV  were  also  repon^  from  samples  first  hydrogenated  and 
then  irradiated  and  annealed  [9],  The  centres  responsible  of  these  lines  were  suggested  to  contain 
as  many  as  four  hydrogen  atoms.  However  the  sharp  PL  lines  that  we  observe  very  near  to  the 
silicon  band  gap  are  different  from  the  Ref.7-9.  and  are  reported  here  for  the  first  time,  to  our 
knowledge. 

All  th^  lines  seem  to  be  related  to  different  centers.  We  never  found  a  correlation  between 
them,  changing  the  various  experimental  parameters  such  as  the  conditions  to  create  these  lines 
(implantation  dose),  or  the  experimental  conditions  as  the  excitation  power  or  the  temperature. 
By  comparison  with  the  few  similar  investigations  from  the  literature  cited  above  we  believe  that 
many  parameters  must  be  taken  in  to  account  to  understand  the  formation  of  the  cotters  giving  rise 
to  the%  sharp  PL  lines.  Firstly  the  starting  material  must  be  considered  and  it  is  well  known  that 
with  different  doping  (n  or  p-type)  and  ^wth  technique  (Czochralski  or  Float-zone)  different 
kinds  of  defects  can  be  creat^  by  irradiation  or  implantation.  This  probably  explains  the  different 
lines  observed  in  our  work,  as  compared  to  Ref.7-9.  The  nature  of  the  particle  irradiation  could 
also  play  a  role  regarding  the  nature  of  created  defects,  which  could  be  considered  as  single  or 
point  defects. 

We  suggest  that  these  lines  are  associated  to  the  NP  recombination  of  isoelectronic  bound 
exciton  localised  at  various  defects  which  probably  involve  hydrogen  atoms.  One  possible  model 
for  these  defects  would  be  that  they  are  complex  defects  formed  by  hydrogen  reacting  with 
primary  defects  present  after  the  irradiation,  and  which  may  act  as  a  nucleation  site  for  the 
formation  of  more  extended  hydrogen  related  defects.  More  detailed  spectroscopic  studies  will  be 
necessary  to  make  any  definite  conclusions  about  the  identity  of  these  defects. 
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Abstract 

Raman  scattering  has  been  used  to  characterize  ultrathin  films  of  ^SiC.  ranging  in 
thickness  from  38  nm  to  240  nm.  These  films  were  prepared  on  the  surface  of  a  <I00>  Si 
substrate  by  a  carbonization  process  at  a  temperature  of  I300°C.  In  each  case,  the  LO  phonon 
near  970  cm  '  and  the  TO  phonon  near  795  cm-'  are  observed,  indicating  the  formation  of  ^-SiC 
crystal.  The  Raman  linewidths  and  peak  positions  indicate  evidence  of  nonuniform  stress  and 
disorder.  The  Raman  intensity  of  the  TO  phonon  is  nearly  twice  the  intensity  of  the  LO  phonon 
measured  both  with  and  without  the  Si  substrate,  which  indicates  that  the  crystal  growth  was 
not  entirely  confined  in  the  <100>  direction. 


Introduction 


P-SiC  is  a  promising  wide  band  gap  semiconductor  with  potential  use  for  high  temperature, 
high  power,  and  high  frequency  devices  due  to  its  good  structural  stability,  high  thermal 
conductivity,  and  moderate  electron  mobility.'  High  quality  epitaxial  layers  are  necessary  for 
the  fabrication  of  these  devices.  A  chemical  vapor  deposition  technique  has  been  developed  to 
obtain  high  quality  ^SiC  epitaxial  layers.^-’  Because  SiC  has  a  lattice  mismatch  of  20  %  and  a 
difletence  of  8%  in  the  coefficient  of  thermal  expansion,  the  SiC  epitaxial  layer  is  grown  on  a 
buffer  layer,  formed  by  carbonizing  the  Si  surface  using  C3Hg  or  C2H4.  This  transition  layer  is 
necessary  to  relieve  the  large  lattice  mismatch.  Although  measurements  of  thick  growth  films 
have  been  reported,*'^  Raman  scattering  measurements  from  the  films  grown  in  this  maimer  have 
not  yet  been  reported.  We  report  Raman  scattering  measurements  to  study  the  films  of  varying 
thickness  grown  in  this  manner. 


Experiment 


Carbonized  films  on  (100)  Si  surface  were  prepared  by  reacting  (1(X))  surface  with  propane 
(CjH,)  or  ethylene  (C2H4)  at  a  temperature  of  1300'C.‘  The  substrates  for  carbonization  were 
(1(X))  n-type  Si  wafers  with  4-6  G-cm  resistivity.  The  thickness  of  the  films  varied  from  38  nm 
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to  240  nm.  The  suifKe  orientadoiis  were  the  same  as  the  (100)  substrate,  as  characterued  by 
x-ray  measuiements.  TaUe  I  summarizes  the  growth  details.  To  view  the  SiC  sample  without 
the  Si  substrate,  a  window  in  the  substrate  was  etched  away  with  HF/HNO,. 

Table  I.  Sample  growth  conditions. 
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Raman  spectra  were  measured  at  room  temperature  in  the  backscattering  geometry  using 
the  S14.5  tun  line  from  an  argon-ion  laser.  The  penetration  depth  of  the  S14.S  run  line  in  ^SiC 
was  about  400  pm,  obtained  from  the  absorption  coefficient  of  25  cm ' 


Results  and  Discussion 


Figure  1  shows  the  Raman  spectra  of  the  thick  sample  A  without  the  Si  substrate.  The 
configurations  for  these  measurements  ate  (a)  Z(XX-i-XY)Z,  (b)  Z(XX)Z  and  (c)  Z(XY)Z, 
where  2//[100].  This  polarization  analysis  of  the  Raman  spectra  allows  the  orientation  of  the 
sample  to  be  determined.  The  peaks,  at  797.4  on  *  and  973.3  cm  ‘  correspond  to  transverse 
(TO)  and  longitudinal  (LO)  optical  phonon  modes,  respectively.  The  full  width  at  half 
maximum  of  both  peaks  was  3.4  cm-*.  The  result  is  in  agreement  with  the  polarization  selection 
rule  of 


Rg.  1.  Raman  spectra  of  sample  A  without  the  Si  substrate,  (a)  Z(XX+XY)Z ,  (b)  Z(XX)Z 

and  (c)  Z(XY)Z 
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zinc-blende-type  (100)  ^SiC  except  for  the  observation  of  a  relalively  large  transverse  optical 
phonon  mode  intensity.  The  polarization  selection  rules  and  the  narrow  Raman  lines  are 
characteristic  of  single  crystal  (100)  ^SiC.  The  LO  and  TO  phonon  peaks  of  the  free-standing 
film  (i.e.  without  Si  substrate)  were  found  to  shift  upward  by  0.86  cm  ‘  and  1.22  cm  ' 
respectively,  compared  with  that  of  the  as-grown  sample.  The  SiC  films  on  substrates  are  under 
biaxial  stress,  because  the  lattice  constant  of  ^-SiC  (4.359  A)  is  smaller  than  that  of  Si  (5.430 
A).  A  removal  of  the  substrate  reduces  this  stress  and  thus  shifts  the  phonon  peaks  in  the 
manner  indicated  above. 


Fig.  2.  The  Raman  spectra  of  sample  B  (a)  with  and  (b)  without  the  Si  substrate. 

The  Raman  spectra  of  sample  B  (a)  with  and  (b)  without  the  Si  substrate  are  shown  in  Fig. 
2.  The  LO  and  TO  phonon  responses  am  clearly  seen  in  both  cases,  which  suggests  the  film  is  a 
single  crystal.  An  enhancement  of  Raman  signals  of  the  ^SiC  free  films  with  respect  to  that  of 
the  P-SiC  films  on  the  Si  substrate  is  observed,  and  has  been  explained  by  the  difference  in  the 
reflection  processes  at  the  SiC/air  interface  and  the  SiC/Si  interface.^  The  Raman  spectra  of 
samples  C  and  D  are  shown  in  Figs.  3  and  4,  respectively,  in  order  to  analyze  peak  position  and 
lineshape  compared  to  the  thick  sample  A.  Asymmetrical  broadening,  a  larger  shift  in  peak 
position  and  a  relative  intensity  switch  between  TO  and  LO  phonon  modes,  compared  to  the 
results  of  sample  A,  are  clearly  observed.  These  are  possibly  explained  by  strain*  and  disorder." 

Thin  films  on  substrates  are  generally  under  biaxial  stress.  The  application  of  this  stress 
causes  polarization-dependent  splittings  and/or  shifts  which  are  linear  in  the  stress:  one  of  the 
doublet  components  becomes  the  LO  phonon  while  the  singlet  and  the  other  doublet  component 
[.  become  the  TO  phonons.  The  phonon  frequencies  of  each  component  are  expressed  by 


LO  phonon: 

(1) 

O,  =<a„ +AQh -iAO 

(2) 

TO  phonon:  | 
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2 

'*"3^ 
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where  tstuo  and  a>|o  are  the  frequencies  of  the  LO  and  TO  piumons  in  the  absence  of  stress,  AOi 
is  the  shift  due  to  the  hydrostatic  component  of  the  strain,  and  AO  is  the  shift  due  to  the  shear 


Fig.  3.  The  Raman  spectrum  of  sample  C 
without  the  Si  substrate. 


Fig.  4.  The  Raman  spectrum  of  sample  D 
without  the  Si  subsuate. 


component  of  the  strain.'  The  frequencies  of  the  LO  and  TO  phonons  are  expressed  as  a 
function  of  hydrostatic  pressure: 

(0,^3  =(972.7±0.3)+(4.75±0.09)p-(2.5±0.4)xl0-'p^  (4) 

ti)TO  =(796.2±0.3)+(3.88±0.08)p-(2.2±0.4)xl0-^p'  (5) 

where  ©Jjq  and  to^in  cm-1  and  p  in  OPa.*” 

The  asymmetrical  broadening  of  Raman  peak  can  be  explained  by  disorder*  expected  from 
the  layer  with  the  structural  defects."  A  spatial  correlation  model  in  reference  9  can  be 
employed  to  characterize  disorder  induced  asymmetrical  broadening  of  Raman  peaks.  We  now 
combine  equation  (4)  and  (5)  with  the  spatial  correlation  model  to  explain  the  Raman  lineshapes 
observed  in  Figs.  2,  3  and  4.  This  combination  of  two  effects  approximately  fits  the  measured 
Raman  data.  For  better  fit,  however,  one  may  need  to  consider  a  nonuniform  distribution  of 
stress  and  disorder. 
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Fig.  5.  Raman  spectra  of  sample  C  without  the  Si  substrate,  (a)  Z(XX+XY}Z ,  (b)  Z(XY)Z 

and  (c)  Z(XX)Z 
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A  polarization  analysis  of  the  Raman  spectra  for  sample  C  is  shown  in  Fig.  5  (same  behavior  for 
sample  D  with  and  without  the  substrate).  The  intensity  ratio  of  LO  phonon  to  TO  phonon  is 
about  0.5,  independent  of  polarization  conflguradon  and  different  from  that  observed  in  Rg.  1, 
which  may  indicate  that  the  crystal  growth  was  not  wholly  confined  in  the  <100>  direction. 

Summary 

Raman  scattering  has  been  used  to  characterize  ultrathin  films  of  ^SiC  prepared  by  a 
carbonization  process.  The  Raman  linewidths  and  peak  positions  indicate  evidence  of 
nonuniform  stress  and  disorder.  The  Raman  scattered  intensity  from  the  TO  phonons  is  nearly 
twice  that  of  the  LO  phonons,  measured  both  with  and  without  the  Si  substrate.  In  all  sampl^ 
well-defined  LO  and  the  TO  phonon  modes  were  clearly  observed,  suggesting  the  formation  of 
crystalline  p-SiC. 
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ABSTRACT 

Study  of  impurity-induced  phonon  disordering  in  Cdi.^Zn^Te  alloys  is  reported 
for  a  variety  of  samples  by  using  far-infrared  reflectivity  and  Raman  scattering 
spectroscopy.  Substantial  differences  were  noted  among  the  various  published 
values  for  the  optical  phonon  frequencies  versus  x.  Contrary  to  an  earlier 
Raman  study  on  MBE  grown  Cdi.xZnxTe/GaAs  films,  our  results  within  a  two¬ 
mode  behavior,  yield  an  increase  of  lx)th  the  CdTe-  and  ZnTe-like  transverse 
optical  phonons  with  x.  Unlike  earlier  speculations  for  a  gap-mode  in  ZnTe  :  Cd 
of  -140-145  cm‘1,  our  Greens  function  theory  predicts  it  to  be  at  a  relatively 
higher  frequency  of  -153  cm'l. 


I.  INTRODUCTION 

Considerable  efforts  have  been  made  in  recent  years  to  evaluate  the  basic 
properties  of  mixed  II- VI  compounds  for  applications  in  photo-voltaic,  photo- 
conductive  and  infrared  (IR)  detection  devices.  Earlier,  narrow  band-gap 
mercury-cadmium-telluride  (MCT)  was  used  as  an  epilayer  in  fabricating  high 
performance  optical  devices.1/2  However,  this  material  suffers  from  serious 
drawbacks  related  to  the  poor  lattice  stability  of  its  alloys.  Since  the  epitaxial 
layers  used  in  IR  detector  arrays  depend  critically  upon  the  quality  of  the  surface 
and  on  the  substrate,  a  considerable  interest  has  been  stimulated  to  search  for 
more  stable  materials  for  electro-optical  devices.  Like  other  ternary  compounds 
Cdi-xZnxTe,  offers  a  large  tunability  with  x  for  both  the  lattice  parameter  and  for 
the  band  gap.  It  is  at  the  value  x  =  0.04  that  Cdi-xZUxTe  is  lattice  matched  to 
Ugo.78Cdo.22Te  for  the  infrared  detector  applications.  Although  several 
studies^'2  have  been  performed  in  recent  years  to  understand  the  electronic 
properties  of  Cdi-xZnxTe  (e.g.,  band-structure,  defect  induced  deep-electronic 
states,  etc.)  very  little  attention  is  paid  for  the  optical  examination  of  its 
dynamical  behavior.3 

The  purpose  of  the  present  paper  is  to  examine  the  unique  phonon  mode 
behavior  in  novel  Cdj.xZnxTe  alloys  by  using  far-infrared  reflectivity,  which 
emphasizes  the  transverse  optical  (TO)  modes,  and  Raman  scattering  spectroscopy, 
which  is  superior  for  the  longitudinal  optical  (LO)  modes.^  Comprehensive 
theoretical  calculations  are  also  presented  for  the  disorder-induced  phonons  in 
CdZnTe  by  using  a  phenomenological  lattice  dynamical  theory.  Calculated  results 
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for  the  compositional  dependence  of  optical  phonons  will  be  compared  with  the 
infrared  and  Raman  scattering  data.  Unlike  earlier  speculations^  that  the  gap¬ 
mode  in  Z«Te:Cd  lies  near  -140-145  cm  '  our  theory  predicts  it  to  be  at  a  relatively 
higher  -153  cm'^  frequency.  Group  theoretical  analysis  suggests  that  the  gap  mode 
exhibits  a  triply  degenerate  vibrational  state  and  it  should  be  detected  both  by  IR 
absorption  and  Raman  scattering  spectroscopy  in  samples  with  low  Cd- 
composition. 


n.  EXPERIMENTAL 
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Infrared  Reflectivity  and  Raman  Scattering  Spectra 

The  Cdi.jjZn^Te  ternary  alloys  (with  x  ranging  from  0.005  -  0.5)  used  in  the  present 
study  were  prepared  at  the  Francis  Bitter  National  Magnet  Laboratory, 
Massachusetts  Institute  of  Technology  by  reacting  the  99.9999%  pure  elemental 
constituents  in  evacuated  quartz  tubes. 

The  X  composition  values  were 
calculated  from  th.?  mass  densities. 

The  far  infrared  (FIR)  reflectivity 
measurements  were  performed  by 
using  a  Fourier  transform 
spectrometer  and  a  Golay  detector 
for  good  signal-to-noise  ratios 
between  -50  and  350  cm'l.  Data 
were  taken  at  near-normal 
incidence  and  at  sample 
temperatures  of  300,  80,  and  20-30 
K.  Although  the  main  features  of 
the  IR  spectra  did  not  change 
significantiy  between  80  and  20-30 
K,  small  features  sharpened 
noticeably  at  the  lowest 
temperatures.  In  Fig.  1,  we  display 
the  IR  spectra  for  Cdi.^ZnxTe  (with 
X  =  1,  0.5,  0.4,  0.3,  0.2,  0.1,  and  0.005) 
recorded  at  300  K. 
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Fig.  1  Far  infrared  reflectivity  data  for  bulk  Cdi.^Zn^Te  with 
compositions  x  of  (a)  1,  (b)  0.5,  (c)  0.4,  (d)  0.3,  (e)  0.2, 

(f)  0.1,  and  (g)  0.005  measured  at  300  K. 


For  alloy  semiconductors,  the  IR  spectra  in  the  lo.ig  wavelength  range  are  mainly 
modulated  by  the  transverse  optical  phonons.  A  perusal  of  Fig.  1  clearly  shows  a 
two-mode  behavior  between  the  two  end  members  of  the  alloy.  A  single  band 
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between  160  and  215  cm'i  corresponds  to  an  IR  active  mode  for  pure  ZnTe, 
whereas  for  x  =  0.005  a  broad  band  of  CdTe  is  exhibited  between  120  and  175  cm'V 

Figure  2  displays  Raman  spectra  recorded  at  80  K  for  nine  Cdi.^ZnxTe  alloy  (with  x 
=  0.005  -  0.5,  and  1.0)  samples  over  the  frequency  range  100  -  440  cm-^.  This  range 
covers  both  the  first-  and  second-order  phonon  features.  Because  of  the  (100) 
surface  of  our  samples,  only  LO  phonons  are  allowed  in  the  Raman  measurement 
geometry.  However,  a  few  TO  modes  do  appear  in  Fig.  2.  These  featiues  are 
attributed  to  the  alloy  disordering  and/or  to  the  slight  deviation  from  the  true  back 
scattering  geometry.  For  the  sample  with  the  lowest  x  =  0.005  value  (c.f.  Fig.  (2i)) 
the  CdTe-like  mode  LOi  and  the  ZnTe-like  mode  LO2  are  mixed  together.  The  LO2 
mode  appears  as  a  weak  shoulder  at  the  high  energy  side  of  the  LOi.  As  x  increases 
to  0.01  the  LOi  and  LO2  modes  are  clearly  resolv^  (c.f.  Fig.  (2h))  and  for  x  =  0.03, 
these  modes  are  well  separated  (see  Fig.  2g).  However,  in  IR  measurements  the 
two  types  of  phonon  modes  for  these  three  samples  are  not  clearly  recognizable. 

For  the  four  samples  with  x  <  0.1 
the  second-order  LO-phonons 
(2LOi,  LO1+LO2  and  2LO2)  also 
appeared  between  310  and  380  cm'l. 

Their  intensities  were  comparable 
to  the  first-order  features,  due  to 
the  incoming  resonance  at  the  488 
nm  excitation.  For  samples  with  x 
=  0.2  -  0.5,  the  LOi  becomes  weak. 

However,  the  LO2  mode  still 
possesses  a  clear  band  shape.  The 
second-order  phonon  features  are 
almost  non-observable  for  these 
samples.  For  pure  ZnTe,  the  first- 
order  Raman  active  LO-phonon  (- 
210  cm-i)  is  in  excellent  agreement 
with  the  inelastic  neutron 
scattering  data.^  We  also  observed 
a  second-order  (2LO)  phonon 
feature  near  420  cm'V  Results  of  IR 
and  Raman  scattering  experiments 
reported  in  Figs.  1  and  2  for  the  low 
Zn  composition  have 
demonstrated  characteristics  of  the 
lattice  dynamics  of  Cdj.xZnxTe  in 
terms  of  being  a  two-mode  system. 

Fig.  2  Raman  scattering  spectra  of  bulk  Cdj.xZnxTe  with 
compositions  x  of  (a)  1,  (b)  0.5,  (c)  0.4,  (d)  0.3,  (e)  0.2, 

(f)  0.1,  (g)  0.03,  (h)  0.01,  and  (i)  0.005  measured  at  80  K. 
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DL  THEORY 


The  dynamical  properties  of  crystalline  solids  are  generally  considered  in  terms  of 
the  response  of  the  medium  to  the  excitation  hrom  an  electromagnetic  wave.  The 
response  may  be  elastic  or  inelastic  and  can  be  characterized  either  in  terms  of  a 
dielectric  function  or  in  terms  of  a  scattering  cross  section.^  Here,  we  are 
concerned  with  the  effects  of  defects  on  two  typical  response  functions:  (i)  the 
dielectric  susceptibility  tensor  (Xo^K  and  (ii)  the  scattering  tensor  (ia-y^A.}-  ^  terms 
of  these  response  functions  the  optical  properties  of  Cdi.^Zn^Te  alloys  are  studied 
using  an  average-t-matrix  (ATM)  formalism.  The  details  of  our  theoretical 
formalism  will  appear  elsewhere.^ 

The  calculations  of  composition  dependent  phonon  modes  in  Cd^.^Zn^Te  were 
performed  in  two  steps.  In  the  first  step,  we  used  a  bond-orbital  model^  and 
estimated  the  lattice  distortions  and  there  by  force  variation  caused  by  Zn  (Cd) 
defects  in  CdTe  (ZnTe).  In  the  second  step,  liie  frequencies  of  impurity  vibrations 
were  obtained  by  using  an  ATM  formalism.  Based  on  our  comprehensive  lattice 
dynamical  study^,  we  have  suggested  that  the  two-mode  pattern  is  typical  of  those 
ternary  Aj.^B^C  compounds  for  which  the  optical  bands  of  the  two  binary 
compounds  (AC  and  BC)  do  not  overlap  and  where,  near  the  extremes  of  the 
composition  range,  the  impurity  modes  of  minority  ions  (e.g.,  AC  :  B  and  BC  :  A) 
lie  well  outside  the  restrahlen  peak  of  the  host  crystals.  Inspite  of  the  fact  that  we 
do  not  start  with  a  realistic  theory  of  phonons  for  the  host  crystals,  the  disorder- 
activated  transverse  acoustic  (DATA),  longitudinal  acoustic  (DALA),  and  optical 
(DAO)  structures  in  ternary  compounds  are  very  well  described  by  the  ATM. 
Comparison  of  these  calculations  for  phonons  in  Cd^.^Zn^Te  with  the  IR  and 
Raman  data  reported  in  here  has  exhibited  a  two-component  structure. 


IV.  DISCUSSION  AND  CONCLUSIONS 

By  combining  the  infrared  and  Raman  scattering  methods,  we  have  studied  both 
the  transverse  and  longitudinal  optical  phonons  in  a  variety  of  bulk  Cdy.xZnxTe 
samples  (with  compositions  over  the  range  x  =  0.005  -  0.5,  and  1).  The  samples 
used  in  the  present  investigations  were  grown  by  the  two-zone  Bridgman  method. 
Our  experimental  results  confirm  that,  within  a  two-mode  behavior,  both  the 
CdTe-  and  ZnTe-Uke  TO  mode  frequencies  increase  with  x,  unlike  any  other  II-VI 
ternary  compounds  with  known  phonon  modes.  The  infrared  spectra  show  signs 
of  clustering  behavior  like  that  seen  in  MCT.^  It  is  not  clear  to  us  why  Olego  ef  al.^ 
have  observed  a  constant  CdTe-like  TO  frequency  versus  x  for  their  Cdi-xZnxTe 
/GaAs  films.  One  possibility  is  that  the  stress  from  the  lattice  mismatch  between 
film  and  substrate  (10-14  %,  depending  on  the  x  value)  might  have  influenced  the 
TO  frequencies.  The  other  possibility  is  that  the  TO  modes  are  not  sufficiently 
sharp  in  Raman  data  to  give  reliable  frequencies. 

In  the  ATM  formalism,  although  the  numerical  simulation  of  the  density  of  states 
for  imperfect  systems  is  complicated,  it  has  provided  a  meaningful  profile  of  the 
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impurity  induced  spectra  both  in  the  optical  and  in  the  acoustical  phonon 
frequency  region.^  This  protile  of  impurity  induced  features  in  the  optical  phonon 
region  is  found  to  be  in  very  good  agreement  with  the  IR  and  Raman  data.  The 
polarization  dependent  Raman  data  in  the  acoustical  phonon  region  is,  however, 
not  available  for  comparison  with  the  present  theoretical  results.  A  study  is  now 
underway,  using  Raman  scattering  spectroscopy  in  different  geometries  for 
detailed  polarization  selection-rule  analyses.  The  results  of  such  a  study  will  be 
reported  elsewhere. 

Based  on  an  ATM  calculation  and  detailed  group  theoretical  analysis,  we  suggest 
that  the  gap  mode  in  ZnTe:  Cd  system  lies  at  a  relatively  higher  frequency  -  153 
cm'l  than  reported  in  earlier  studies.^  This  mode  exhibits  a  triply  degenerate  F2 
vibrational  state  and  should  be  detected  both  by  IR  and  Raman  scattering 
spectroscopy  in  samples  with  low  Cd  composition. 
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ABSTRACT 

A  43  period  GaAs/Alo.S4lno.46P  superlatdce  was  grown  by  molecular  beam  epitaxy  using 
valved  solid-sources  to  supply  bodi  the  arsenic  (As4)  and  the  phosphorus  (P2)  group  V  fluxes. 

The  room  temperature  optical  transmission  spectrum  shows  evidence  of  ground  state  excitons. 
Higher  energy  confined  states  are  exhibited  in  photovoltage  and  photoieflectance  spectra.  Doublets 
corresponding  to  the  m=l  through  m=7  folded  longitudinal-acoustic  phonon  modes  are  observed 
in  the  Raman  spectrum.  Analysis  of  these  phoncm  doublets  enables  the  structure  of  the  superlattice 
to  be  determine.  The  interface  roughness  was  found  to  be  wproximately  2  monolayers,  and  the 
layer  thicknesses  were  determined  to  be  82  A  GaAs  and  48  A  Alo.s4iV).4^- 


INTRODUCTION 

Group  m  compositional  heterostructuies  such  as  Al^Gai-xAs/GaAs  have  been  widely 
studied  and  used  in  a  variety  of  device  applications.  Group  V  compositional  heterostructures  have 
attracted  interest  as  well,  /^nide/phosphide  (As/P)  heterostructures  have  lecendy  been  used  in 
aluminum-free  semiconductor  lasers  [1]  and  high  sp^  heterojunction  bipolar  transistors.  [2] 
These  As/P  heterostructuies  have  been  successfully  grown  by  metalorganic  chemical  vapor 
deposition  (MOCVD)  [3]  and  gas  source  molecular  beam  epitaxy  (GSMBE)  [4]  using  phosphine 
gas  to  supply  the  phosphorus  flux. 

It  is  somewhat  mote  difficult  to  grow  As/P  heterostructuies  using  conventional  solid- 
source  molecular  beam  epitaxy  (MBE).  There  is  significant  leakage  of  toth  arsenic  and 
phosphorus  fluxes  around  the  mechanical  shutters  which  makes  it  difficult 
to  abruptly  switch  between  fluxes.  This  difficulty  can  be  avoided  by  using  two 
independent  valved  solid-sources  to  supply  the  As4  and  the  P2  fluxes.  This  new  solid-source  MBE 
technique  allows  the  group  V  fluxes  to  te  switched  abruptly,  and  Gao.5lno.sPfGaAs 
heterostructuies  have  been  grown  with  minimal  group  V  intermixing  between  the  layers.  IS]  The 
quality  of  the  interfaces  in  these  heterostructuies  is  a  critical  parameter  that  will  affect  the 
performance  of  devices  grown  using  this  technique.  The  optical  properties  of  an 
Alo.s4^.4oP/GaAs  superlattice  are  discussed  in  this  paper  and  are  used  to  determine  the  quality 
and  width  of  the  interfaces.  Evidence  of  room  t^perature  excitons  is  exhibited  in  the  optical 
transmission  spectrum,  and  confined  states  of  higher  energy  are  observed  using  photoreflectance 
[6]  and  photovoltage  [7]  spectroscopy  techniques. 

Raman  spectroscopy  is  usefvd  for  characterizing  semiconductor  layers.  Longitudinal-optic 
(LO)  phonon  energies  can  be  used  to  determine  ternary  compositions.  [8,9]  The  longitudinal- 
acoustic  (LA)  Raman  spectrum  is  useful  for  analyzing  the  periodicity  and  roughness  of  the 
interfaces  in  a  superlattice.  The  new  periodicity  of  the  superlattice  causes  the  LA  phonon 
dispersion  curvx-  to  be  folded  into  a  smaller  miiu-Biillouin  zone,  resulting  in  the  appearance  of 
doublets  in  the  Raman  backscattering  spectrum.  The  energies  and  intensities  of  these  doublets  can 
be  related  to  the  superlattice  periodicity  and  the  interface  abruptness  respectively.  [10]  Accurate 
models  have  been  develt^d  that  determine  the  doublet  peak  intensities  by  considering  both  the 
acoustic  and  photoelastic  modulations  in  the  superlattice  [11-13],  but  they  rely  on  information 
about  the  complex  photoelastic  tensor  for  the  superlattice  layers.  A  simpler  model  exists  that 
relates  the  functional  form  of  the  photoelastic  modulation  to  the  relative  intensities  of  the  LA 

*presem  address:  Department  of  Elecliical  Engineering,  Laboratory  for  Physical  Sciences,  University  of  Maryland, 
College  Park,  MD  20740. 
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phonon  peaks.  [10]  This  model  has  been  used  to  characterize  interfaces  in  GaAs/AiAs  [14]  and 
Si/GexSii.x  [IS]  superlattices  and  is  used  here  to  detennine  the  interface  widths  and  the  well  and 
barrier  ti^knet^  present  in  an  A]o.s4lno.46P^!tAs  superlattice. 


EXPERIMENTAL 

A  SOOO  A  buffer  layer  of  Gao.jIno.jP  was  grown  on  a  (001)  GaAs  substrate  misoriented 
by  2°  towards  the  [1 1 1]  A  direction.  Next,  a  45  period  Alo.S4lno.46P^GaAs  superlattice  was  grown 
at  S0S°  C  by  solid-source  MBE  using  two  valv^  solid-sources  tio  supply  the  Ass  attd  P2  fluxes. 
The  growth  rates  and  ternary  composition  were  determined  by  measuring  the  period  of  the 
reflection  high  energy  electron  diffraction  (RHEED)  oscillations  prior  to  the  growth.  The  Ass 
beam  equivalent  pressure  (BEP)  was  IxlO*^  Torr  corresponding  to  a  Ga;As  atomic  flux  ratio  of 
1:2.  The  P2  BEP  was  2x10^  Toir  corresponding  to  an  (Al+ln)/P  atomic  flux  ratio  of  1:80.  The 
group  V  fluxes  were  switched  automaticadly  using  the  vdved  solid-sources  and  stepper-motor 
controlled  ne^e  valves.  To  allow  for  the  Hnite  pumping  speed  of  the  group  V  species  from  the 
growth  chamber,  growth  intemiptions  of  2  sec  and  6  sec  were  inserted  at  the  Alo.5slno.S6P  on 
GaAs  and  GaAs  on  Alo.sslno.s^  interfaces  respectively. 

Off-resonance  Raman  spectra  were  acquired  at  room  temperature  in  the  backscattering 
geometry  using  SxKyf  W/cm^  from  the  5145  A  line  of  an  argon  laser.  A  1  m  double  spectrometer 
with  a  system  resolution  of  2  cm'f  was  used  to  analyze  the  LO  and  LA  phonon  spectra.  The 
photoreflectance  spectrum  was  recorded  using  a  45^  A  pump  beam  with  a  modulation  frequency 
of  400  Hz  and  a  probe  beam  from  a  tungsten  light  source  dispersed  through  a  prism-grating 
monochromator.  For  transmission  measurements,  the  GaAs  substrate  was  selectively  etched 
(5  H2SO4 : 1 H2O2 : 1  H2O)  leaving  the  buffer  and  superlattice  layers.  A  beam  of  collimated 
white  light  was  then  passed  through  the  sample  and  analyzed  by  a  I  m  double  spectrometer.  For 
the  photovoltage  measurement,  the  spectrum  was  obtained  using  an  electrochemical  capacitance- 
voltage  profiler. 


RESULTS  AND  DISCUSSION 

The  superlattice  structure  was  characterized  using  double-crystal  x-ray  diffraction.  Peaks 
are  observed  in  the  (004)  symmetric  rocking  curve  that  correspond  to  the  Gao.sIno.sP  buffer  layer 
and  the  superlattke  n  =  0  average  composition  and  n  =  ±1,  ±2,  ±3,  and  ±4  satellite  peaks.  The 
superlattice  periodicity  can  be  c^culaied  from  the  splitting  of  the  satellite  peaks  and  is  equal  to 
130  A.  The  inset  (lower  curve)  of  figure  1  shows  the  optical  transmission  spectrum  from  the 
superlattice.  The  spectrum  exhibits  n  =  1  confined  electron  to  heavy-hole  and  light-hole 
transitions.  The  appearance  of  absorption  peaks  associated  with  each  transition  provides  evidence 
of  excitons  in  the  GaAs  wells.  The  upper  curve  shown  in  figure  1  is  the  photovoltage  spectrum. 
The  features  labeled  by  the  arrows  coincide  with  the  positions  of  the  n  =  1, 2,  and  3  confined 
electron  to  heavy-hole  transitions.  The  photoreflectance  spectrum  shown  in  figure  2  has  features 
corresponding  to  the  n  =  1, 2,  and  3  electron  to  heavy-hole  and  light-hole  transitions  as  well. 

There  is  some  residual  phosphorus  incoiporation  in  the  GaAs  well  layers  due  to  the 
presence  of  a  background  pressure  of  phosphorus  in  the  growth  chamber.  BLaman  spectroscopy 
was  used  to  characterize  the  level  of  phosphorus  incorporation  in  the  GaAs  wells.  energy  of 
the  GaAs-like  LO  phonon  peak  in  the  Raman  plectrum  ivas  shifted  from  the  value  expected  for  a 
GaAs  binary  (292  cm'f )  to  a  lower  energy  (289  cm'*).  By  comparing  this  peak  shift  to  the  shift 
seen  in  GaAsi-xPx  calibration  layers,  the  pho^horus  incoiporation  was  found  to  be  x  •>  0.02  - 
0.03.  The  well  width  was  then  detennined  to  be  approximately  82  A  by  using  a  finite  well  mode) 
to  fit  the  n  =  1  electron  to  heavy-hole  transition  energy  seen  in  the  transmission  spectrum.  The 
well  thickness  and  superlattice  periodicity  are  conristent  with  die  thicknesses  expected  from  the 
growth  rates. 

The  Raman  spectrum  of  the  superlattice's  LA  phonons  is  shown  in  figure  3.  Folded 
doublets  of  order  m  =  ±1,  ±2,  ±3,  ±4,  -5,  ±6,  and  -7  can  be  seen  in  the  spectrum  along  with  a 
broad  peak  around  80  cm'l  associated  with  zone  edge  disorder-activated  transverse  acoustic 
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Figure  1.  Photovoltage  spectruir  (upper  curve)  showing  n  =  1 , 2,  and  3  election 
to  heavy-hole  transitions.  Transmission  spectrum  Gower  curve)  showing  n  =  1 
election  to  light  and  heavy-hole  exciton  transitions. 
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Figure  2.  Photoreflectance  spectrum  showing  features  associated  with  the  n  =  1,  2, 
and  3  confined  electron  to  light  and  heavy-hole  transitions. 
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(DATA)  phonons.  The  visibility  of  a  large  number  of  folded  LA  phonon  peaks  in  the  Raman 
spectrum  enables  an  analysis  of  the  interface  roughness.  Using  the  photoelastic  model,  it  can  be 
shown  that  the  intensities  of  the  highest  order  ftrided  LA  phonon  douMets  are  sensitive  to  the 
abruptness  of  the  interfaces  and  rapidly  decrease  with  increasing  interface  roughness. 

Using  the  photoelastic  mo^l  [10],  the  intensities  of  the  folded  LA  phcmon  peaks  of  tuder 
m  can  be  related  to  the  superlattice  composition  profile  1^ 


where  oim  is  the  phonon  frequency,  nm  is  the  Bose  factor,  and  Pm  is  the  Fourier  coefficient 
obtained  tom  the  transform  of  the  photoelastic  profile,  which  is  proportional  to  the  composition 
profile  of  the  superlattice.  The  interface  roughness  present  in  the  superlattice  was  determined  by 
calculating  the  values  of  the  Fourier  coefficients  fca-  superlattices  with  graded  interfaces  and 
comparing  these  values  to  the  experimental  values  tom  the  Alo.S4li>0.4^AjaAs  superlattice 
sample.  iSe  relative  intensities  of  the  folded  LA  phonon  peaks  were  calculated  to  superlattices 
with  interface  widths  of  0, 1 , 2,  and  4  monolayers.  The  calculated  ratios  Im  / 1 1  ^  plotted  in 
figure  4;  the  top  solid  line  is  to  a  superlattice  with  abrupt  interfaces,  the  upper  dashed  line  is  for 

1  monolayer  of  interface  roughness,  the  lower  dashed  line  is  to  2  monolayers  of  interface 
roughness,  and  the  bottom  solid  line  is  for  4  monolayers  of  interface  roughness.  The  experimental 
values  of  Im  / 1 1  are  found  tom  figure  3  using  the  lower  energy  peak  of  each  doublet.  It  can  be 
seen  in  figure  4  that  the  intensities  of  the  higher  order  LA  phonon  peaks  rapidly  diminish  with 
increasing  interface  toughness.  By  comparing  the  experimental  data  to  the  calculated  results,  we 
assign  an  interface  roughness  of  approximately  2  nxmolayers  to  the  superlattice. 

The  relative  intensities  of  the  lower  order  folded  LA  phonon  ptUks  provide  information  on 
the  structure  of  superlattice.  The  composition  profile  of  the  superlattice  can  be  reconstructed  from 
the  values  of  the  Fourier  coefficients  (Pm  /  Pl)^  found  tom  the  intensities  of  the  7  folded  LA 
phonon  peaks  in  the  Raman  spectrum.  Ihe  period  of  the  superlattice  was  already  found  using 
x-ray  diffiaction  and  is  equal  to  130  A.  If  we  assume  that  the  composition  profile  of  the 
superlattice  is  a  symmetric  function  about  the  center  of  the  GaAs  well  with  a  periodicity  of  1 30  A, 
the  profile  can  be  represented  by  a  Fourier  cosine  series  with  7  terms.  The  relative  magnitudes  of 
each  term  in  the  series  expansion  can  be  found  using  equation  (1).  The  sign  of  each  term  was 
determined  by  choosing  the  series  that  best  fit  a  square  wave  in  the  regions  away  tom  the 
interfaces.  The  composition  profile  resulting  fton  the  summation  of  the  terms  in  the  Fourier 
cosine  expansion  is  shown  in  figure  5.  The  layer  thicknesses  in  the  reconstmcted  composition 
profile  are  82  A  and  48  A  and  are  consistent  with  the  well  width  that  was  found  by  fltting  the  n  =  1 
transition  energy  with  a  finite  well  model.  The  width  of  the  interfaces  in  figure  S  is  approximately 

2  monolayers  and  is  consistent  with  the  fit  tom  figure  4. 


CONCLUSION 

Solid-source  MBE  was  used  successfully  to  grow  a  GaAs/Alo.54lno.46P  superlattice  with 
abrupt  interfaces  and  confined  exciton  states.  Raman  spectroscopy  was  particularly  useful  in 
characterizing  the  superlattice  structure.  The  relative  intensities  of  the  first  7  folded  LA  phonon 
doublets  were  used  to  calculate  the  interface  roughness  (2  monolayers)  and  the  layer  thicknesses 
(82  A  GaAs  and  48  A  Alo.s4Ino.46F)  of  the  superlattice. 
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Raman  Intensity  (arb.  units) 


Figure  3.  Raman  backscattering  spectrum  (29S  K)  of  the  superlattice  showing  the 
m  =  ±1,  ±2,  ±3,  ±4,  -5,  ±6,  and  -7  folded  longitudinal-acoustic  phonons. 


Wavenumber  (1/cm) 

Figure  4.  Plot  of  the  relative  intensities  (Im  /  It)  of  the  lower  folded  LA  phonon 
peaks.  Solid  circles  represent  experimental  data.  The  lines  represent  calculated 
intensities  for  superlattices  with  0, 1,2,  and  4  monolayers  of  interface  roughness. 
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Figure  5.  Cosine  series  representation  (first  7  terms)  of  the  superlattice  using 
Fourier  coefficients  found  fiom  the  LA  p^  intensities  in  the  Raman  spectrum. 
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CHARACTERIZATION  OF  INTERFACIAL  STRUCTURE 
OF  InGaAs/InP  SHORT  PERIOD  SUPERLATTICES  BY 
RAMAN  SCATTERING  AND  HIGH  RESOLUTION  X-RAY 
DIFFRACTION 


TERUO  MOZUME 

Central  Research  Laboratory,  Hitachi  Ltd.,  Kokubunji,  Tokyo  I8S,  Japan 


ABSTRACT 

The  x-ray  diffraction  (XRD)  of  InGaAs/InP  short-period  superlaltices  (SPSL's)  grown  on 
(OOl)InP  substrates  by  gas  source  molecular  beam  epitaxy  (GSMBE)  and  by  gas  source 
migration  enhanced  epitaxy  (GSMEE)  shows  that  the  GSMBE  grown  SPSL  is  strain  free,  and 
that  GSMEE  grown  SPSL's  with  InGa-P  and  In-As  heterointerfaces  have  strain-induced  zeroth- 
order  satellite  peak  shift  consistent  with  that  in  simulation  results  for  the  InGaAs/lnP  SPSL  with 
one  monolayer  of  InGaP  and  InAs  inserted  in  each  interface.  Partial  destruction  of  the  long-range 
order  is  confirmed  by  the  observation  of  the  extra  diffraction  peak  in  GSMBE  grown  SPSL  and 
by  weak  intensity  of  satellite  peaks  and  nonuniform  spacing  between  satellite  peaks  in  GSMEE 
grown  SPSL's.  Raman  scattering  shows  that  the  strain  is  accommodated  in  the  interface  layer  in 
GSMEE  grown  samples.  A  confinement  model  without  interface  disorder  fits  the  GaAs  LO 
phonon  very  well.  These  results  indicate  that  the  local  atomic  arrangements  are  tailored  by 
GSMEE,  but  that  long  range-order  is  impaired  by  the  misfit  dislocations  in  GSMEE  grown 
SPSL's  and  by  the  exchange  between  As  to  P  at  the  interfaces  in  GSMBE  grown  SPSL. 


INTRODUCTION 

InGaAs/InP(OOI)  heterostructures  are  important  for  microwave  devices  as  well  as  for 
optoelectronic  devices,  and  the  performance  of  these  devices  is  strongly  influenced  by  the 
microscopic  structure  of  the  heterointerfaces.  Atomically  abrupt  interfaces  are  more  difficult  to 
create  in  InGaAs/lnP  than  in  AIGaAs/GaAs'),  primarily  because  residual  group  V  material  is 
incorporated  into  the  succeeding  layer  containing  different  group  V  species^^ 

Several  groups  have  recently  attempted  to  m^e  atomically  abrupt  heterointerfaces  in  material 
systems  containing  As  and  P  atoms,  such  as  InGaAs/InP  and  (Al)GalnP/GaAs,  by  molecular 
beam  epitaxy  (MBE)  and  its  variants:  gas  source  molecular  beam  epitaxy  (GSMBE)^’'*>,  chemical 
beam  epitaxy  (CBE)^),  and  organometallic  vapor  phase  epitaxy  (OMVPE)  They  have  tried  to 
reduce  residual  group  V  sources  and  interchange  between  As  and  P  at  each  interface  by 
interrupting  growth  and  using  a  special  switching  sequence  for  source  supply.  Migration 
enhanced  epitaxy  (MEE)^)  is  effective  for  making  atomically  controlled  heterointerfaces,  since 
structures  can  be  grown  at  low  temperatures  and  with  an  alternating  supply  of  group  III  and 
group  V  atoms.  High-quality  InGaAs/lnP  short-period  superlattices  have  been  grown  by 
matching  the  surface  atomic  number  of  group  III  and  group  V  species  to  the  surface  site  number 
at  each  interface^’ 

The  structure  near  the  interfaces  of  InGaAs/lnP  short-period  superlattices  (SPSL's)  has  been 
investigated  by  using  synchrotron  radiation  to  study  the  P-K  edge  and  Ga-K  edge  X-ray 
absorption  fine  structure  (XAFS),  and  by  highly  sensitive  Raman  scattering  spectroscopy^'^). 
These  studies  suggest  the  atomic  configuration  at  U»e  interface  can  be  tailored  by  GSMEE. 

This  paper  reports  Raman  scattering  and  x-ray  diffraction  investigations  of  the  structure  of 
InGaAs/InP  short-period  superlattices  and  interfaces  grown  by  GSMBE  and  GSMEE. 
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EXPERIMENTAL 


Samples  were  grown  in  a 
GSMBE  system  under  growth 
conditions  reported  in  Ref.  8. 

Elemental  Ga  and  In  were  used  for 
the  group-III  growth  species 
derived  from  effusion  cells,  AsH3 
and  PH3  were  decomposed  in  a 
low-pressure  thermal  cracker  cell 
maintained  at  900  To  make  the 
heterointerface  abrupt,  an  effusion 
cell  shutter  and  gas  switching 
valves  were  used  for  switching 
between  AsH3  and  PH3. 
lnO.S3Gao.47As/InP  short-period 
superlattices  (Fig.l)  were  grown  on 
(OOl)InP  substrates  by  GSMBE 
and  GSMEE.  (a)  is  GS^^E  grown 
((InGaAs)2(InP)2)l20  structure 
whereas  (b)  and  (c)  are  GSMEE 
grown  ((InGaAs)2.S(InP)2.S)80 
structures  with  InGa-P  and  In-As 
interfaces.  The  InP  growth  rate  and 
InGaAs  composition  were 

determined  from  reflection  high  energy  electron  diffraction  (RHEED)  oscillations,  which  have 
been  used  to  optimize  MEE  conditions  for  InP,  InGaAs,  and  InP/lnGaAs  SPSL's.  Substrate 
temperatures  determined  by  an  optical  pyrometer  were  500  OC  for  GSMBE  and  410  for 
GSMEE. 

X-ray  diffraction  measurements  were  performed  using  a  powder  0-20  diffractometer  and  a  high 
resolution  four-crystal  diffractometer  (Philips  Materials  Research  Diffractometer).  Rocking  curves 
were  simulated  using  a  computer  program  developed  by  P.  F.  Fewster  at  Philips  and  based  on  the 
solution  of  the  Takagi-Taupen  equations  of  dynamical  diffraction  theory’ll. 

Raman  scattering  was  measured  at  room  temperature  and  in  the  backscattering  configuration 

along  the  (001)  direction.  The  scattering  geometries  used  were  the  z(x,y)z  and  z(x,x)z 
configurations.  The  triple-stage  spectrograph  (Dilor,  model  XY),  consisting  of  a  subtractive 
double  monochromator  with  a  focal  length  of  500  mm  for  the  filter  stage  and  a  single 
polycluomator  with  a  focal  length  of  500  mm  for  multichannel  detection,  was  used.  Cooled-type 
clu^e-coupled  devices  (Photometries,  model  TK512)  were  used  for  multichannel  detection.  A 
douUe  monochromator  with  a  focal  length  of  10(X)  mm  and  a  usual  photon  counting  system  was 
also  used.  A  He-Ne  laser  and  an  Ar**  laser  were  used  as  excitation  sources. 
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Fig.  1.  Sample  structures. 

(a)  GSMBE  grown  ((InGaAslj  /(lnP)2  )i2o  superlattice 

(b)  GSMEE  grown  ((InGaAsjzs  /(lnP)2s)8o  superlattice 
with  InGa-P  interfaces 

(c)  GSMEE  grown  ((lnGaAs)2  5  /(InP)  2.5)  so  superlattice 
with  In-As  interfaces 


RESULTS  AND  DISCUSSION 

X-rav  diffraction 

XRD  was  used  to  determine  the  structural  quality  of  the  SPSL's  and  parameters  such  as  the 
period  and  strain  of  the  layers.  The  superlattice  period  A  was  averaged  over  the  position  of  the 
satellite  peaks  of  order  n  according  to  the  equation:* 

A=(ni-nj)X/2(sin0ni-sin0nj),  (1) 
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where  ni  are  the  diffiaction  orders  and  0ni  are  the  diffraction  angles  for  ni-order  diffraction. 

Figure  2(a)  shows  the  x-ray  diffraction  patterns  around  the  inP  (002)  diffraction  for  the 
GSMBE  grown  SPSL.  No  separation  between  the  zeroth-order  peak  for  the  SPSL  and  that  for 
the  InP  substrate  is  observed.  A  12.2-A  superlattice  period  is  inferred  from  the  spacing  between 
the  list  satellites,  and  fairly  in  good  agreement  with  the  calculated  result  for  the  (InGaAs)2(lnP)2 
SPSL.  As  seen  from  the  simulated  rocking  curves  for  the  (lnGaAs)2(lnP):  SPSL  (  Fig.  2(b) ), 
the  2nd-order  satellite  peaks  should  not  appear.  The  diffraction  peak  indicated  an  arrow  in 
Figure  2(a)  is  probably  caused  by  the  interface  roughness  and  composition  variation  due  to  the 
interchange  of  As  and  P,  which  interchange  extends  over  several  monolayers^).  Figure  3(a) 
shows  the  x-ray  diffraction  pattern  around  the  InP  (002)  diffraction  for  the  GSMEE  grown  SPSL 
with  In-As  heterointerfaces,  ^paration  of  the  zeroth-or^r  superlattice  satellite  peak  from  the  InP 
substrate  diffraction  is  observed  and  is  consistent  with  the  simulated  high  resolution  x-ray 
diffraction  (HRXRO)  spectrum  of  the  (InGaAs)2(InAsXInP)2  structure  (  Fig.  3(b) ).  In  tte 
HRXRD  spectrum  of  the  GSMEE  grown  SPSL  with  InGa-P  heterointerfaces,  the  zeroth-order 
satellite  p^  is  shifted  from  the  InP  (002)  peak  in  a  manner  consistent  with  the  simulated  result. 
As  shown  in  Figure  3(a),  the  intensity  of  satellite  peaks  ( -1st  to  2nd  order)  is  weak,  and  the 
separation  between  each  of  the  satellite  peaks  is  not  uniform.  Because  the  amount  of  residual  As 
and  P  atoms  on  the  interface  layer  is  reduced  by  optimizing  the  MEE  sequence^),  the  interface 
roughness  and  composition  variation  due  to  the  interchange  of  As  and  P  will  not  occur  in 
GSMEE  grown  SPSL's.  And  the  tailored  interface  atomic  configuration  is  also  suggested  by  the 
P-K  edge  and  Ga-K  edge  x-ray  absorption  fine  structure  analysis*-^).  This  nonuniformity  of  the 
satellite  peak's  separation  (  Fig.  2(b) )  is  therefore  probably  caused  by  dislocation  due  to  the 
lattice  mismatch  strain.  The  superlattice  period  calculated  from  2nd-order  and  -Ist-order  peaks 
using  equation  (1)  is  14.7  A  and  is  in  fairly  good  agreement  with  the  period  calculated  for 
(InGaAs)2(InAs)(InP)2  despite  the  expected  lattice  mismatch.  This  suggests  that  coherently 
grown  region  is  limited  and  long-range  order  is  impaired  by  the  lattice  mismatch  between  the 
InAs  layer  and  the  InP  and  InGaAs  layers. 


Fig.  2  (a)  Expacimenlal  and  (b)  smulatad  x-ray  rocking 
curves  of  ((lnGaAs)2.i)(lnP)20  )i20  slmt-pariad  supetianioe 
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Fig.  3  (a)  Expeiirnemal  and  (b)  simulated  x-ray  rocking 
curves  of  ((lnGaA8)2  5(inP)2  5  )w  sbort-period  supertattice 
Witt)  Iri-As  bsterointerfaces 
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Raman  studies 


The  frequencies  of  the  main  optic  phonons  of  a  superlattice  can  be  determined  both  from  the 
conflnement  and  from  the  strain  in  the  individual  layers.  If  we  use  the  linear  chain  model  and 
assume  abrupt  interfaces  and  perfect  confinement  as  standing  waves,  we  can  roughly  descnbe  the 
modes  confined  in  the  phonon  potential  well  by  the  bulk  energy  dispersion  of  phonon  modes 
corresponding  to  wave  vectors: 


kin=(  n/(n+l)a  )m.  m=l,— ,n  (2)  Table  I  Parameters  used  to  calculate  Raman  shifts 


Here  a  is  the  lattice  constant,  n  is  the 
number  of  monolayers  in  a  single  slab, 
and  m  is  the  order  of  the  confined  LO 
phonon.  Since  the  optical  phonons  in 
III-V  compounds  have  negative 
dispersions,  the  conHnement  effect 
results  in  a  red-shift  of  the  superlattice 
peaks  with  respect  to  the  bulk 
frequency.  According  to  Ref.  13,  the 
strain-induced  shift  of  the  longitudinal 
optical  (LO)  frequencies  (Am)  is 
described  by: 
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QaAs 

Gap 

laOlcs  constant  (A) 
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8.0583 
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5.4512 
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K«  hx  TO 

-2.87 

-2.623 

•2.87 

-2.10 

slaslic 

Cn 

1022 

8.329 

11.88 

1^.120 

confjtiance 

Ciz 

5.76 

4.526 

538 

6.253 

oonMt 
(xIO  dyn/cm*) 

C44 

4.60 

3.959 

.S94 

7.047 

A0V0)=(Kn/2)eiz+(Kl2/2)(£xx+£yy),  (3) 

where  Ky  are  anharmonic  spring  constants  and 
£xx=£yy  and  £zzare  the  components  of  the  stra.: 
tensor  in  the  individual  layers.  The  components  <^11 
are  calculated  using  the  room-temperature  lattice 
parameters  and  considering  that  the  mismatch 
strain  is  confined  to  each  layer: 


£xx=£yy=Aa/a 

(4) 

£2z=-(2CI2/Ci  l)£xx  , 

(5) 

where  Cii  and  C12  are  the  elastic  compliance 
constant.  The  parameters  used  are  listed  in  Table 
I. 

Figure  4  shows  the  lower-energy  Raman  band 
(200-290  cm'i)  measured  using  an  Ar**  laser  as  the 
excitation  source.  As  in  Ref.  14,  we  assign  this 
band  to  InGaAs  optical  vibrations.  No  peak  shifts 
of  the  GaAs-like  LO  phonon  line  (264  cm"  •  )  is 
observed  between  samples.  From  the  bulk 
dispersion  of  GaAs'5-l7)  and  InAs’*  *^). the 
confinement  sifts  of  2  and  3  monolayer  GaAs  slab 
are  -Scm'l  and  -3  cm'*,  and  those  of  1,  2,  and  3 
monolayer  InAs  slab  are  -10  cm'*,  -5  cm'*  and  -3 
cm**.  In  GSMBE  grown  SPSL,  no  strain  is 
observed  in  the  HRJCRD  spectrum.  Therefore  the 
observed  red-shifts  of  GaAs-like  LO  phonon  (-6 
cm'*)  and  InAs-like  LO  phonon  (  -2  cm'*)  are 


Raman  shift  (cm'* ) 

Rg.  4  Raman  scattering  spectra  of  InGaAs/lnP 
SPSL's  grown  by  GSMBE  and  GSMEE  using 
Ar'*’ laser  as  the  excitation  source 
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attributed  to  conflnement  shifts.  These  results 
imply  the  interface  broadening  in  GSMBE  grown 
SPSL  is  less  than  one  monolayer.  Suppose  the 
strain  is  accommodated  by  the  interface  InGaP  and 
InAs  monolayer  in  GSMEE  grown  samples,  the 
red-shift  of  GaAs-like  LO  phonon  is  well 
explained  by  confinement  shift.  The  red-shift  of 
about  2  cm**  observed  in  InAs-like  LO  phonon  of 
GSMEE  grown  SPSL  with  InGaP  heterointerfaces 
is  fairly  in  good  agreement  with  the  theory.  The 
strain  induced  blue-shift  of  the  interface  InAs  LO 
phonon  in  GSMEE  grown  SPSL  with  InAs 
interface  is  about  10  cm**,  and  the  confinement 
shift  for  InAs  interface  layer  is  -10  cm**.  Therefore 
the  total  shift  is  zero.  InAs  LO  phonon  peak 
observed  in  InAs  interface  SPSL  is  very  close  to 
that  of  InAs  bulk  (238.6  cm*').  The  peaks 
observed  near  218  cm**  are  probably  due  to  InAs 
TO  phonons.  The  InAs  TO  phonon  t^d  is  flat  so 
the  InAs  confined  TO  phonon  lines  may  differ  a 
little  between  samples.  From  the  polarization 
measurements,  peaks  near  254  cm**  observed  in 
GSMBE  grown  SPSL  and  GSMEE  grwon  SPSL 
with  InAs  hetero  interfaces  are  not  the  TO 
phonons.  The  origin  of  the  peaks  around  254  cm** 
observed  in  GSMBE  SPSL  and  GSMEE  SPSL 
with  In- As  heterointerfaces  is  under  investigation. 

Figure  5  shows  the  higher-energy  Raman  band 
measured  using  a  He-Ne  laser  as  the  excitation 

source  in  the  z(x,y)z  configuration  at  room 
temperature.  This  band  is  assigned  to  In(Ga)P 


wavenumber  (cm*'* ) 


Fig.  5  Raman  spectra  of  InGaAs/lnP  SPSL's 
grownby  GSMBE  and  GSMEE  using  He-Ne 
laser  as  the  excitation  source 


vibration^**).  In  the  GSMBE  grown  samle  and  the 
GSMEE  grown  SPSL  with  InGa-P  interfaces, 
strong  first  order  GaPLO  phonon  lines  (348  and 
350  cm  *)  and  InP  LO  phonon  line  (336  and  342  cm  *)  are  observed,  despite  the  low 
concentrationof  Ga-P  bonds.  This  is  consistent  with  the  report  of  a  GaP-type  vibration  that  is  as 


sharp  and  as  intense  as  that  for  a  InP  LO  mode  with  only  1 .5  %  of  the  Ga  found  in  InGaP^). 
Soni  et  al.^*)  reported  that  in  Raman  spectra  for  indium-and-  phosphorus  rich  quaternary 
InGaAsP  samples,  the  GaP  LO  phonon  lines  are  sharp  and  similar  to  the  InP  LO  phonon  lines. 
No  clear  GaP  line,  however,  is  observed  in  the  SPSL  with  In-As  type  interfaces.  Well-defined 
interfaces  are  therefore  formed  by  GSMEE. 


4.  SUMMARY 

InGaAs/InP  short-period  superlanices  (SPSL's)  grown  by  gas  source  molecular  beam  epitaxy 
(GSMBE)  and  by  gas  source  migration  enhanced  epitaxy  (GSMEE)  on  (OOl)lnP  substrates  were 
investigated  by  x-ray  diffraction  (XRD)  and  Raman  scattering.  XRD  shows  that  the  GSMBE 
grown  SPSL  is  strain  relaxed,  whereas  SPSL's  with  InGa-P  and  In-As  heterointerfaces  grown 
by  GSMEE  have  strain-induced  zeroth-order  satellite  peak  shift.  An  extra  diffraction  peak  is 
observed  in  the  GSMBE  grown  SPSL  which  should  not  appear  from  the  simulation.  The  XRD 
results  of  GSMEE  grown  SPSL's  are  consistent  with  the  simulated  results  for  the  InGaAs/InP 
SPSL  with  one  monolayer  of  InGaP  or  InAs  inserted  in  each  interface.  Raman  scattering  shows 
that  the  strain  is  accommodated  in  the  interface  layer  in  GSMEE  grown  samples.  A  confinement 


2^ 


model  without  interface  disorder  fits  the  GaAs  LO  phonon  very  well.  Clear  Ga-P  LO  phonon 
peaks  are  seen  in  a  GSMBE  grown  SPSL  and  in  a  GSMEE  grown  SPSL  with  InGa-P 
heterointerfaces.  These  results  indicate  that  the  local  atomic  arrangements  are  tailored  by 
GSMEE,  whereas  the  long-range  order  is  impaired  by  the  misfit  dislocations  in  GSMEE  grown 
SPSL's  and  by  As-P  exchange  at  the  interfaces  in  GSMBE  grown  SPSL. 
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PART  V 


In-Situ  Diagnostics 


IN-PROCESS  DIAGNOSTIC  SYSTEM  FOR  SEMICONDUCTOR  MATERIALS 
USING  UHV  WAFER  TRANSFER  CHAMBER 

F.  Uchida.  M.  Matsui.  H.  Kakibayashi,  M.  Kougiichi.  A.  Muloh.  H.  Nagano* 

Hitachi  Central  Research  Laboraiofy,  Kokubunji,  Tokyo  1H3. 

*Hilachi  Advanced  Research  Laboratory,  Hatqyama,  Saitama  3S0-09 

ABSTRACT 

We  have  developed  a  novel  stand-alone  diagnostic  system  that  can  analyze  a  semioonductor 
wafer  surface  in  each  process  without  introducing  contamination.  This  allows  us  to  analyze  the 
relationship  between  chemical  conditions  and  device  properties. 

A  UHV  (Ultra  High  Vacuum)  wafer  transfer  chamh^  is  used  between  the  measuring  apparatus 
and  the  semiconductor  processes.  The  chamber  vacuum  system,  which  consists  of  a  battery 

Q 

driven  ion  pump  and  a  liquid  N2  shroud,  achieves  a  pressure  of  2  x  in'"  Pa  (corresponding  to 
about  100  min.  until  one  monolayer  of  contaminatiun  has  been  adsorbed). 

Wafer  transfer  lines  have  been  constructed  between  semiconductor  vacuum  processes,  CVD 
(Chemical  Vapor  Deposition)  and  measuring  instruments,  ESCA  (Electron  Specboscopy  for 
Chemical  Analysis)  and  TEM  (Transmission  Electron  Microscope).  Our  results  from  ESCA  and 
TEM  showed  measurements  that  carbon  contamination  and  oxidation  was  suppressed. 

I.  INTRODUCTION 

In  the  Held  of  microelectronics  manufacturing,  adhesion  of  contamination  and  disturbance  of 
crystal  structure  during  processing  ate  severe  problems,  because  they  cause  pour  device 
performances,  that  is,  cunent-voltagc  characteristics.  The  continuing  improvement  of  device 
performance  demands  new  materials  and  processes.  Therefore  process  optimization  based  on  the 
precise  s^nalysis  of  the  contamination  and  crystal  defects  can  provide  increased  reliability  in 
manufacturing. 

In  present  ULSl  manufacturing,  however,  semiconductor  devices  are  fabricated  by  transferring 
the  wafer  among  various  types  of  equipment  in  the  dean  room.  Therefore  the  wafers  ate  subject 
to  the  atmospheric  environment  during  transfer.  Hgute  1  shows  the  relaticai  between  the 
deposition  time  for  mottolayer  and  partial  pressure  of  reactive  impurities.  At  unity  sticking 
coefllcient,  atmospheric  conditions  cotiespond  to  10*  sec  per  monc^ayer  deposition  of  reactive 
impurities.  So,  it  is  difficult  to  separate  the  ioTinitestitnal  contamination  and  defects  based  on 
prosess  disturtanoe  or  those  based  on  wafer  transfer.  These  problems  can  be  resolved  by  directly 
connectine  the  txooess  eauirxnent  and  anaivsis  eouioment.  However,  this  is  not  a  realistic 
ai^iraadi  as  it  increases  the  need  for  extra  analysis  equipment  and  facilities.  We  have  therefore 
developed  UHV  wafer  transfer  chambers  which  can  be  easily  attached  and  detached  from  the 
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various  equipment  and  analyzing  instniments.  This  paper  describes  two  types  of  UHV  transfer 
chamber  (Hg.  2).  One  is  for  surface  measurement  ESCA  and  the  other  is  for  crystal  structure 
imaging  by  TEM . 


11.  EXreRlMENTAL 


A.  Wafer  transfer  chamber 

The  nale  of  (he  UHV  transfer  chamber  is  (o  transfer  the  wafer  from  the  pnxxns  equipment 
chamber  to  the  measuring  instrument  chamber  without  exposure  to  air.  It  therefore  needs  an 
sland^one  vacuum  pumping  system  and  an  adaptive  wafer  handling  mechanism.  Figure  3  shows 
the  structure  of  UHV  transfer  chamber.  The  vacuum  system  of  the  UHV  transfer  chamber  consists 
of  a  battery  driven  ion  pump  (30  lita-lsec.)  and  a  liquid  N2  shroud.  The  battery  can  drive  the  ion 


wafer 


liquid  Nj  shroud 


Fig.3  Structure  of  UHV  transfer  chamber 


294 


\  o"’t 


•« 


1  O'* -I - - - 1 - 1 - 1 - 1 - 1 - 1 - , - , - 1 

0  20  40  60  60  100 

Time  after  interruption  of  liquid  N2  supply  (min.) 

Fig.  4  Pressure  characteristics  of  UHV  transfer  chamber 
after  interruption  of  liquid  N2  supply. 

pump  for  36  houis.  The  tnmsfer  rod  which  pemil  a  horizontal  stroke  of  1000  mm  and  vertical 
motion  ol  20  mm.  is  used  for  wafer  handling.  The  UHV  chamber  is  supported  on  a  trolley  with 
vertical  motion  of  450  mm  in  order  to  allow  attachment  to  the  equipment . 

Figure  4  shows  how  the  chamber  pressure  depends  on  time  after  intemiplion  of  liquid  N2 
supply.  Before  interruption,  a  pressure  of  2  x  10^  Pa,  which  corresponds  to  about  100  minutes 
per  monolayer  deposilion  ol  reactive  impurity  (  as  shown  in  Fig.  1  ),  is  achieved  with  the  ion 
pump  and  the  liquid  Nj.  However,  when  the  liquid  Nj  supply  was  interrupted  the  pressure 
increased  gradually  and  reached  of  5  x  10^  Pa,  corresponding  to  about  40  minutes  per  an  atomic 
layer  deposition  of  reactive  impurities,  after  80  minutes.  This  feature  of  the  UHV  transfer 
chamber  shows  that  it  can  transfer  the  wafer  with  contamination  of  less  than  one  monolayer  in  40 
minutes. 

B.  TEM  observation  system 

In  order  to  observed  the  atomic  structure  of  initial  stage  of  the  semicotKluctor-film  growth  using 
the  UHV  transfer  chamber,  we  developed  a  TEM  sample  holder  which  can  be  positioned  in  both 
the  growth  chamber  and  the  TEM  analyzing  chamber.  Figure  5  shows  the  sample  holder  for  TEM 
observation.  The  holder  has  a  carbon  thin  film  and  a  local  heating  mechanism.  The  growth  is 
performed  on  the  carbon  thin  film  (  20-  or  30-nm  thick  )  which  can  be  heated  at  growth 
temperature  by  a  0.45  mm  thick  ceramic  heaier  during  film  growth.  The  TEM  was  HITACHI  H- 
9(XX)  UHV  with  resolution  of  0. 19  ran. 


Fig.  5  A  sample  holder  for  TEM  observation. 
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Aiulyaia  Chsm6«r 


Fig.  6  Schematic  Layout  of  UHV  Wafer  Transfer  Line. 


HI.  RESULTS 

A.  Water  transfer  chamber 

We  used  the  UHV  transfer  chamber  to  measure  the  surface  chemical  contamination  of  CVD- 
grown  TaiOs  (Tantalum  oxide).  Figure  6  shows  the  schematic  layout  of  UHV  wafer  transfer 
system.  Firstly  a  Ta20s  (about  2-nm-thick)  thin  layer  was  grown  on  a  wafer  in  the  CVD  growth 
chamber  and  the  wafer  was  transferred  to  the  UHV  transfer  chamber.  The  wafer  was  then 
transferred  to  an  ESCA  load  lock  chamber  for  surface  analysis.  Figure  7  shows  the  ESCA 
spectrum  of  Ta20^.  Figure  8  shows  the  carbon  spectrum  using  the  UHV  transfer  chamber  artd  a 
N2  gas  environment  cassette.  The  carbon  spectrum  of  the  UHV  transfer  chamber  is  about  40  % 
of  the  N2  gas  cassette.  This  result  shows  that  carbon  contamination  is  reduced  by  using  the  UHV 


Fig.  7  ESCA  spectrum  of  Ta2C6 
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Fig.  8  Comparison  of  carbon  specnim  between  vacuum  transfer 
and  N2  gas  transfer. 


transfer  chamber.  The  carbon  spectrum  of  the  UHV  transfer  chamber  shows  that  there  is  residual 
carbon  from  the  organic  Ta  gas  remaining  in  the  Ta20;  thin  film. 

B.  TEM  observation  system 

The  UHV  transfer  chamber  for  the  TEM  trbservation  system  was  used  to  transfer  a  Ta  thin  layer 
which  was  rapidly  oxidized.  The  Ta  thin  layer  was  3-nm  thick  and  grown  by  MBE  with  a  vacuum 
of  3.5  X  l(h«Pa. 

Figure  9  shows  high  resolution  TEM  images  of  Ta  thin  layer  samples  after  vacuum  transfer  and 
atmospheric  transfer.  In  the  case  of  vacuum  transfer  (Rg.  9a)  3-nm-diamcicr  Ta  lattice  fringe  arc 
clearly  seen  in  the  image.  Analysis  of  this  image  shows  that  the  Ta  crystal  structure  is  mainly  p- 
structure  with  small  amount  of  ii-stnicture.  In  the  case  of  atmospheric  transfer  (Fig.  9b).  on  the 
other  hand,  lattice  fringes  are  not  clearly  seen  because  the  Ta  crystal  has  changed  to  the 
amorphous  state  because  of  adhesion  of  contamination  and  oxidation,  particularly  at  the  Uipic 
points  of  the  grain  boundaries. 


(a)  Vacuum  Transfer  (b)  N2  Gas  Transfer 
Fig.  9  TEM  image  of  3-nm-thick  Ta  Thin  Layer  Grown  by  MBE. 
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IV.  SUMMARY 


A  UHV  transfer  chamber  was  developed  and  used  to  in-pnxess  diagnostics  of  film  growth 
processes.  This  chamber  was  used  to  transfer  a  wafo^  and  a  TEM  specimen  from  the  process 
equipment  to  ESCA  and  TEM  equipment  under  vacuum  conditions  of  2  x  10^  Pa  without 
supplying  external  power.  We  obtained  the  following  results.  (1)  carbon  contamination  was 
suppressed  in  CVD  grown  T:k2Qs  thin  film.  (2)  oxidation  was  suppressed  in  MBE  grown  Ta. 
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ABSTRACT 

We  have  developed  a  technique  which  enables  us  to  reduce  the  self-bias  voltage  without 
introducing  any  substantial  disturbance  to  the  main  plasma.  This  approach  is  ba^  on 
decreasing  the  floating  potential  of  the  powered  electrode  by  means  of  injecting  an  electron 
current  from  the  electic^e.  Instead  of  employing  a  hot  cathode,  we  have  used  an  auxiliary 
glow  discharge  to  supply  the  electron  emission.  The  controllable  range  of  the  self-bias  has 
been  exten^ted  to  almost  0  V.  A  theoretical  explanation  of  the  variation  of  the  floating  potential 
with  the  emission  current  has  been  carried  out.  Measurements  of  the  floating  voltage(V f)  are 
plotted  against  ln(l/I«u)  ,where  Iw  is  the  auxiliary  discharge  current  A  good  linear  relationship 
of  Vf  vs.  ln(l/In,)  is  obtained  as  expected  frtMn  the  theory,  and  its  slope  gives  the  electron 
temperature. 

In  order  to  appraise  the  degree  of  damage  induced  by  the  bombardnrent  of  ions  accelerated  by 
the  sheath  voltage,  we  have  estimated  the  damage  by  measuring  the  daiic  current  of  a  sample 
diode  fabricated  flom  the  fllrtt  It  has  been  observed  experimentally  that  when  the  sheath 
voltage  was  depressed  from  -73  V  to  -36  V  at  a  pressure  of  0.1 1  Totr,  the  dark  current  of  the 
sample  diode  was  suppressed  drastically  from  1.3  xlfli®  A  to  5.3xlO-"A 


INTRODUCTION 

The  r.f.  planar  discharge  has  been  used  widely  in  plasma  processing.  Positive  ions  are 
accelerated  across  the  sheath  by  the  sheath  voltage,  and  bombard  the  powered  electrode.  In 
plasma  etching,  the  kinetic  energies  of  the  incident  ions  have  an  imptntant  role  on  both  the  etch 
rate  and  etching  anisotropy,  but  induce  damages  to  the  surfaces  of  films  [1].  Therefore,  we 
need  to  reduce  the  sheath  voltage  independently  of  other  plasma  parameters.  Chan  etal.[2] 
have  demonstrated  expetiment^y  in  the  low  fr^uency  region  (SOO  kHz)  that  the  time- 
averaged  sheath  potential  varies  as  a  function  of  gas  pressure  and  r.f. voltage. 

We  have  developed  a  method  to  suppress  the  self-bias  by  supplying  supplemental  electron 
flow  from  the  powered  electrode  to  the  plasma  through  the  sheath  region  [3].  The  aims  of  this 
paper  are,  (1)  to  discuss  a  ttKxlel  which  describes  the  mechanism  of  controlling  the  sheath 
voltage,  (2)  to  confirm  the  reduction  of  film  damages  by  suppressing  the  sheath  voltage. 


PRINCIPLE 

The  principle  of  the  method  is  shown  schematically  in  Fig.  1.  It  is  known  that  the  electron 
velocity  is  much  greater  than  the  ion  velocity  in  low  pressure  plasmas.  When  an  electrode  is 
isolated  electrically,  the  floating  potential  must  develop  in  fnmt  of  the  electrode,  in  such  a 
way  as  to  make  the  net  current  (electron  current  ion  current)  zero. 

Let  us  consider  that  an  extra  electron  current  Ion  is  emitted  from  the  electrode  and  flows 
back  to  the  plasma  through  the  sheath  region.  Because  the  electron  current  U  from  the  plasma 
to  the  sheath  region  is  flowing  against  the  electron  emission  current  !«„,  >  a  part  of  the  plasma 
current  will  be  cancelled.  Accordingly,  a  net  electron  current  of  (!« -  Ion)  flows  from  the 
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plasma  into  the  sheath  legion.  As  a  result,  the  net  electron  current  should  be  cancelled  with  the 
ion  current,  (le-lem)  =  Ij  .therefore. 


U=  Oi+W 


(1) 


where  Ij  designates  the  plasma  ion  current 

Eq.  (1)  indicates  that  the  electron  current  from  the  plasma  should  be  increased  by  an 
amount  Ion  in  order  to  achieve  no  net  current  This  causes  the  floating  potential  to  be 
decreased. 


MCCSL 

The  ptote  theory  used  in  this  model  is  the  classical  one  of  the  perfect  plane  probe  [4],  In 
order  to  arrive  at  a  tractable,  yet  physically  realistic  solution,  the  following  assumption  will  be 
made. 

1)  The  ion  and  electron  temperatures  Tj  and  Teare  independent  of  time  and  spatial  coordinates, 
with  Ti  being  equal  to  the  neutral  gas  temperature. 

2)  The  ion  and  electron  densities  inside  the  plasma  volume  ate  constant  in  dme. 

3)  The  ions  enter  the  sheath  from  the  presheath  with  the  speed  requited  by  the  Bohm-sheath 
criterion,  the  rate  at  which  ions  enter  the  sheath  from  the  presheath  is  thus  constant  This 
assumption  is  valid  in  the  limit  of  t, «  l/f,  where  t,  is  the  transit  time  of  the  ions  through  the 
sheath  and  f  the  applied  frequency. 

4)  At  13.56Mhz,  the  regime  of  interest,  the  ions  only  see  the  average  bias,  but  the  electrons 
respond  to  the  naxlulation. 

l^hen  there  exists  an  r.f.component  of  the  voltage  between  the  plasma  and  the  powered 
electrode,  one  is  effectively  modulating  the  bias  voltage,  sweeping  up  and  down  along  the  d.c. 
characteristic  curve.  This  sinusoidal  m^ulaticxt  along  the  exponential  electron  retardation 
section  of  the  characteristics  yields  a  modified  first  order  Bessel  function  result.  Furthermore, 
once  an  r.f.component  is  present,  the  displaceriKnt  current  may  also  contribute  to  the  sheath 
d.c.  current,  which  is  neglected  in  this  calculation.  Finally,  when  external  electron  emission 
from  the  powered  electr^e  is  present,  the  floating  voltage  Vf  is  modified  to  give. 


Vf  =  J^ln  (  leo  l  o(eVrf/kTe) 
e  \  I  to  +  I  em 


where  kTe  designates  the  electron  temperature,  Uo  and  lio  denote  electron  saturation  current  and 
ion  saturation  current,  respectively,  and  e  denotes  the  electron  charge.  Also,  4  is  the  fust 
order  Bessel  function  of  variable  (eVre^T*),  where  Vrf  is  the  peak  amplitude  of  the  r.f. 
modulation,  Ia„  is  the  electron  current  supplied  from  the  powered  electrode.  Under  normal 
condition,  IjoCan  be  neglected  in  comparison  with  Um,  and  so  eq.(2)  can  be  simplified  to, 


Vf 


kTe  ^  leo  Io(eVrf/kTe) 


(3) 


Namely,  the  relationship  between  Vf  and  ln(l/Ie,„)  must  be  linear  and  its  slope  gives  the 
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electnxi  temperaiure  as  long  as  we  consider  the  small  r.f.  modulation. 

EXPERIMEOTAL 

Experiments  have  been  carried  in  the  discharge  chamber  shown  schematically  in  Fig.2.  The 
chamber,  of  inner  diameter  20.4cm,  is  constructed  of  type  304  stainless  steel  and  configured 
with  an  axially  moveable  parallel  plate  dectrode  of  10  cm  diameter  which  is  made  of  paired 
meshes  having  different  ^d  sizes  (either  20  or  100  lines  per  inch).  Most  of  our  e]q)eriments 
have  been  tal^  at  4  cm  qtadng.  An  auxiliary  discharge  was  suaained  between  the  mesh- 
eketrode  and  a  hollow-ciahode  type  electrode.  The  common  mesh  electrode  thus  serves  as  the 
anode  fm*  the  auxiliary  d.c.  dischvge  as  well  as  the  powered  electrode  for  the  r.f.  discharge. 
Those  electrons  which  are  generated  in  the  d.c.  dischaige  penetrate  through  the  mesh  to  the  ion 
sheath  region  formed  by  the  main  r.f.  discharge.  The  r.f.  power  was  in  the  range  of  50  W  to 
ISO  W.  The  working  gas  was  Ar  at  a  pressure  ranging  firm  0.1  to  O.S  Tor.  Experiments 
were  conducted  during  which  the  d.c.  s^-bias  was  measured  as  a  function  of  the  auxiliary 
discharge  currents.  In  order  to  estimate  the  sheath  voltage  of  the  earthed  electrode,  the  energy 
distributions  of  ions  incident  on  the  earthed  electrode  were  measured  using  a  retarding  grid 
electrostatic  analyzer  (RGEA)  [5].  When  the  ion  transit  time  tluough  die  shotuh  is  much  less 
than  the  r.f.  per  -ri,  the  ion  p^  energy  will  be  equal  to  the  excursion  of  the  sheath  voltage. 
Assuming  that  the  time-averaged  vdtage  drop  across  the  plasma  region  betwMn  the  electrode¬ 
sheaths  is  small  compared  to  the  vdtage  dit^  across  the  sheath,  the  floating  vdtage  (=  sheath 
voltage)  of  the  powered  electrode  was  estimated  by  adding  the  result  obtained  fiom  the  RGEA 
to  the  self-bias  voltage  of  the  powced  electrock. 

The  etching  experiments  were  carried  out  in  an  rX  discharge  chamber  with  the  electrodes  as 
shown  schematicidly  in  Fig.3.  The  chamber  is  constructed  d  the  aluminum,  with  an  inner 
diameto'  of  40  cm  and  configured  with  parallel  plate  electrodes  which  are  made  of  aluminum. 


Electrode 


Fig.  1  The  principle  of  controlling 
the  self-bias  voitage. 


Fig.  2  Construction  of  the  discharge 
chamber  and  the  eiectrodes  for 
discussing  the  model. 
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The  r.f.  power  was  supplied  through  a  matching  unit  to  the  mesh-electrode.  The  silicon  wafers 
are  jdaced  on  the  powoed  electro^  Etclung  characteristics  of  die  amorphous  silicon  wafer 
have  been  taken  in  an  etching  gas  of  CF4/O2  (6:1)  with  variable  self-bias  control  Ibe  damage 
induced  in  the  films  was  evaluated  by  measuring  the  dark  current  of  a  sanqile  diode  made  fiom 
the  fflm.  The  measuring  circuit  is  shown  in  Ing.4,  with  the  reverse  voltage  applied  to  the 
sanqile  diode. 


RESULTS  AND  DISCUSSION 

Typical  data  of  Vf  against  ln(l/Iao)  taken  at  0.3  Tcnr.  20  W  of  r.f.  power  are  shown  in 
Fig.5,  where  la  is  die  d.c.  auxiliary  discharge  current  which  is  assunsed  to  be  prc^iortional  to 
Ion.  It  is  clearly  seen  that  a  linear  relationriup  of  Vf  vs  ln(l/Ia)  is  estaUished  as  expected  by 
eq  (4).  In  the  higher  current  region,  however,  the  experimental  data  deviate  fiom  the  linear 
rel^onship,  wmch  could  be  explained  by  an  increase  in  the  electrical  transparency  of  the  mesh 
electrode  tecause  of  a  thiruier  sheath  thickness.  Also,  the  electron  temperatures  estimated 
fiom  die  slopes  are  equal  to  7.7  eV  for  both  the  2x20  mesh  and  the  2x100  mesh.  In  order  to 
confirm  this  value,  we  have  measured  the  election  teriqierature  by  the  double  probe  method. 

In  (Hder  to  minimize  the  effect  of  the  r.f.  potential  variation,  we  have  used  a  ftoadng  douUe 
probe.  An  election  temperature  of  8  eV  at  a  pressure  of  0.3  Toir  and  20  W  of  r.f.  power  has 
been  obtained.  This  result  agrees  well  with  values  oboined  above. 

Using  an  etching  gas  (CF4^  =  6/1),  we  have  repeated  the  etching  charai  eristics  with  the 
variable  self-bias  as  shown  in  Fig.6.  It  is  shown  experimentally  that  the  etching  rate  is  not 
reduced  lyipreciably  when  the  seff-bias  is  reduced.  In  order  to  estimate  reduction  of  film 
damage  qualitatively,  the  dailc  current  has  been  reduced  from  1.3  x  10-><>  A  to  S.3  x  10-»  A  for 
a  reverse  voltage  of  -1  V  when  the  sheath  voltage  is  varied  fiom  -73  V  to  -36  V  as  shown 
in  Fig.7.  From  these  results,  we  estimate  that  the  threshold  of  the  sheath  voltage  for  inducing 
damage  is  about  -40  V. 


C«9 


Fig.  3  Construction  of  the  discharge 
chamber  for  etching  the 
amorphous  films. 


Fig.  4  A  method  of  measuring  the 
dark  current  Ij,  by  applying 
the  reverse  voltage  Vai. 
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CONCLUSIONS 


(1)  The  self-bias  can  be  reduced  by  use  (tf  a  supplemental  electron  flow  from  a  powered 
electrode  to  the  plasma  through  the  sheath.  A  model  which  describes  llw  mechanism  of 
controlling  the  riieath  voiiage  is  (noposed,  and  the  results  derived  frc»n  this  model  agree  widi 
those  of  the  experiment  fainy  well 

(2)  The  damage  induced  in  the  films  is  reduced  substantially  by  means  of  siq>piessing  the 
shrath  voltage.  The  threshold  of  die  sheath  vdtage  for  inducing  film  damage  is  about  -40  V. 
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ABSTRACT 


In  this  work,  Langmuir  probe  measurements  were  used  to  characterize  a  multipolar 
electron  cyclotron  resonance  (ECR)  plasma  source.  This  system  has  many  controllable 
parameters  including  microwave  power,  if  power,  gas.  pressure,  flow  rate,  and  source  distance. 
Both  double  and  triple  Langmuir  probes  were  used  for  the  plasma  characterization.  The  results 
from  the  Langmuir  probe  measurements  were  correlated  to  the  etch  characteristics  of  photoresist. 
Ion  density  and  photoresist  etch  rate  were  found  to  increase  with  microwave  power  but  decrease 
with  source  distance.  However,  rf  power  does  not  have  significant  influence  on  ion  density 
although  the  photoresist  etch  rate  increases  substantially  with  rf  power.  Ion  density  flrst 
increases  then  deoeases  at  higher  pressure.  Maximum  ion  density  occurs  at  lower  pressure  fm 
larger  distance  below  the  ECR  source.  Ion  density  uniformity  for  an  O2  plasma  is  +2%  across  a 
16  cm  diameter  region  at  23  cm  below  the  source.  For  photoresist  etched  at  10  cm  source 
distance,  etch  rate  uniformity  is  ±2%  fm  a  15  cm  diameter  w^r.  The  results  from  the  Langmuir 
probe  measurements  indicate  that  phototesist  etching  is  enhanced  by  ion  density  and  ion  energy. 


L  INTRODUCTION 

As  the  device  dimensions  decrease  to  sub-half  micrometer  scale,  requirements  for  dry 
etching  become  mote  stringent  These  include  vertical  profile,  smooth  morphology,  high  etch 
rate,  and  reproducible  etching.  To  meet  these  needs,  different  high  density  plasma  sources  have 
been  develtqred.  In  this  work,  a  multipolar  election  cyclotron  resonance  (ECR)  source  was  used 
to  generate  density  plasma.  The  ECR  source  can  generate  high  density  plasma  with  low  ion 
energy  at  low  pressure.  As  a  result  it  can  potentially  satisfy  aU  the  needs  for  dry  etching. 

Langmuir  probe  measurements  are  used  to  obtain  charge  particle  density,  plasma 
potential,  and  election  temperature[l-10].  By  mapping  these  characteristics  at  different  positions 
in  the  chamber,  plasma  unifoimity  is  obtained.  These  plasma  characteristics  are  used  to  optimize 
photoresist  etching.  A  number  of  controllable  inputs  to  the  plasma  system  were  varied,  including 
microwave  power,  rf  power,  |as,  pressure,  flow  rate,  and  distance  below  the  ECR  source.  Their 
eflects  on  plasma  characterises  and  photoresist  etch  rate  were  investigated. 


n.  EXPERIMENTAL 

Figure  1  shows  the  schematic  of  the  ECR  source  on  top  of  a  rf-biased  electrode  with  the 
Langmuir  probe  inserted  through  the  diagnostic  window  on  the  chamber  wall[l  1].  Plasma  is 
generated  within  the  quartz  disk  which  is  surrounded  by  12  permanent  magnets  arranged  in  a 
multipolar  configuration.  Microwave  power  is  input  into  the  quartz  disk  through  a  copper  probe. 
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Figure  1  Schematic  of  the  ECR  source  on  top  of  a  rf-powered  electrode. 

There  are  16  additional  pennanent  magnets  extending  up  to  1 1  cm  below  the  ECR  source  to 
reduce  recombination  of  charged  particles  at  the  chamber  wall.  Samples  are  placed  on  substrate 
stage  which  is  if  powered. 

The  Lan^uir  probes  used  in  this  work  include  double  probe  and  triple  probe.  The 
double  l^gmuir  probe  was  made  of  stainless  steel  wires  which  were  O.OSl  cm  in  diameter  and 
0.4  cm  in  length.  The  size  of  the  probe  should  be  small  enough  so  that  the  plasma  will  not  be 
disturl^.  However,  smaller  probe  size  causes  a  larger  uncertainty  of  the  actual  electron 
collecting  area[l].  The  actual  electron  collecting  area  is  determined  by  tiie  daik  space  sheath  area 
formed  around  die  (robe  which  is  proportional  to  the  Debye  length.  The  Debye  len^  tfeenuues 
as  the  electron  density  increases.  As  a  result,  the  area  correction  factor  is  exported  to  be  small 
for  the  ECR  source  since  the  plasma  density  is  high.  The  data  shown  in  this  work  are  not 
corrected  for  this  difference  in  collecting  area.  From  the  current-voltage  (I-V)  curve  measured 
by  the  double  Langmuir  probe,  the  ion  density  is[12,13] 

M  _  *p  rw 
0.69A,Vitr, 

where  ip  is  the  ion  saturation  current,  q  is  the  electron  chvge,  Aj  is  the  sheath  area  around  the 
probe,  nf  is  the  mass  of  the  ion,  it  is  the  Boltzmaim  constant,  and  Tg  is  the  electron  temperature. 
The  election  tempmture  is  determined  by  the  slope  of  the  I-V  curve.  It  is  assumed  that  the  ions 
in  the  plasma  w  singly  and  positively  ionized. 

The  triple  Lwgmuir  probe  was  made  of  tungsten  wires  which  had  the  same  size  as  the 
double  probe.  The  ion  density  and  electron  temperature  can  be  obtained  without  voltage  sweep. 
As  a  result,  triple  Langmuir  probe  is  useful  in  real-time  process  contiol[14].  Both  double  and 
triple  probes  can  be  moved  across  the  substrate  stage.  For  double  Langmuir  probe, 
measurements  were  performed  from  3  to  17  cm  below  tlw  ECR  source.  For  triple  Langmuir 
probe,  measurements  were  peiftnmed  at  23  cm  below  the  ECR  source.  The  electron  density  and 
temperature  measured  by  the  double  and  triple  Langmuir  probes  agree  with  one  anotho’. 

For  photoresist  etching  expe^ents,  Shipley  AZS214  was  spun  on  Si  wafer  and  baked  at 
90®C  for  40  min.  The  photoresist  thickness  was  measui^  to  be  about  1.4  pm  by  reflectometiy. 
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RESULTS  AND  DISCUSSIONS 


DL 


Different  gares  such  as  Ar,  O2,  CL%  and  N2  were  excited  in  the  plasma  and  their  plasma 
pn^Kities  were  stucUed.  The  results  were  related  to  the  photoresist  etch  rate  to  provide  innght  on 
etch  mechanisms  and  process  contiol[S]. 


MICROWAVE  POWER  (W) 


Fig.  2.  Ion  density  dependence  on 
microwave  power  for  Ar,  O2,  and  N2 
plasma.  The  gas  flow  rate  was  10  seem  at 
1  mTonr.  The  source  distance  was  10  cm. 


Fig.  3.  Photoresist  etch  rate  and  IV^ 
dependence  on  rf  power.  Oxygen  was 
flown  at  10  seem  with  1000  W  microwave 
power,  1  mTorr  pressure,  and  5  cm  source 
distance. 


Hgure  2  shows  the  dependence  of  ion  density  on  microwave  power  for  Ar,  N2.  and  O2 
discharges.  The  gas  flow  rate  was  10  seem  with  1  mTorr  pressure.  The  probe  was  located  at 
10  cm  below  the  ECR  source  in  the  center  of  the  stage.  As  the  microwave  power  was  increased 
from  2S0  to  1500  W,  ion  density  increased  from  7.9  to  25.6x10^9  for  an  Ar  plasma.  Similar 
increase  was  observed  for  N2  and  O2  discharges.  The  increase  in  ion  density  at  higher 
microwave  power  is  related  to  the  higher  ionization  efficiency.  More  charged  particles  are 
generated  at  higher  microwave  power  as  long  as  the  source  gas  is  not  completely  depleted. 
Among  the  different  gases  investigated,  Ar  plasma  has  the  highest  ion  density,  followed  by  Q2, 
N2,  and  O2  discharge. 

l^th  higher  ion  density  at  higher  microwave  power,  photoresist  etch  rate  is  expected  to 
be  enhan«d[15].  As  the  microwave  power  was  increased  flom  500  to  1500  W,  the  photoresist 
etch  rate  increa^  flom  0.7  to  1.8  pm/min  while  the  ion  density  for  an  O2  plasma  only  increased 
from  2.8  to  4.1x10^0  cm'3.  Meanwhile,  the  self-induced  bias  voltage  (iVdcl)  decreases  with 
increasing  microwave  power.  The  large  increase  in  the  photoresist  etch  rate  despite  the  moderate 
increase  in  the  ion  density  and  the  debase  in  IVdci  su^ests  that  the  photoresist  etch  process  is 
strongly  influenced  by  the  neutral  reactive  species. 

Photoresist  etch  rate  and  I  Vdcl  as  a  function  of  rf  power  are  shown  in  Fig.  3.  Flow  rate  of 
O2  was  10  seem  at  1  mTorr  with  1000  W  microwave  power  and  10  cm  source  (tistance.  As  the  rf 
power  was  increased  from  0  to  100  W,  the  photoresist  etch  rate  increased  substantially  from  420 
to  990  nm/min  and  IVdcl  increased  from  0  to  150  V.  However,  the  ion  density  only  increased 
slightly  from  3.8  to  4.3x10^9  cm'^.  These  results  indicate  that  at  1000  W  microwave  power,  O2 
is  maiMy  dissociated  by  the  microwave  power  instead  of  the  rf  power.  The  substantial  increase 
in  the  photoresist  etch  rate  is  due  to  the  higher  ion  energy  at  higher  rf  power  which  can  reduce 
the  activation  energy  for  the  etch  process. 
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Fig.  4.  Ion  density  dependence  on  pressure  at  Hg.  5.  Dependence  of  electron  temperature 
ditterent  source  tUstance.  Nitrogen  flow  rate  and  plasma  potential  on  pressure.  The  O2 
was  10  seem  at  1  mTorr.  Microwave  power  flow  rate  was  10  seem  with  1000  W 
was  1000  W  at  3  and  10  cm;  and  1500  W  at  microwave  power  at  3  cm  below  the  ECR 
23  cm  source  distance.  source. 

The  ion  density  for  an  N2  plasma  was  investigated  as  a  function  of  pressure  at  three 
different  source  distances  as  shown  in  Fig.  4.  The  flow  rate  was  10  seem  at  1  mTorr. 
Microwave  power  was  1000  W  at  3  and  10  cm;  and  1500  W  at  23  cm  source  distance.  The  ion 
density  at  23  cm  source  distance  was  multiplied  by  a  factor  of  3  to  fit  in  the  same  Egure.  The  ion 
density  was  found  to  increase  with  pressure  initudly  then  decrease  at  higher  pressure.  However, 
it  decreased  more  rapidly  at  longer  source  distance.  The  initial  increase  of  ion  density  with 
pressure  may  be  due  to  higher  concencradon  of  O2  available  for  further  dissociation.  At  higher 
pressure,  the  mean  free  path  is  shorter  and  the  collision  probability  is  higher.  As  a  result,  the 
dissociation  efficiency  and  hence  the  ion  density  are  lower.  The  faster  decrease  of  ion  density  at 
longer  source  distance  may  be  related  to  the  recombination  of  ions.  Both  the  im  density  and  the 
photoresist  etch  rate  were  found  to  decrease  almost  linearly  with  source  distance.  This  is 
attributed  to  the  reduction  in  ion  density  and/or  neutral  reactive  species  concentration  at  longer 
source  distance. 

Besides  ion  density,  electron  temperature  and  plasma  potential  also  affect  etch 
characteristics.  The  depend^e  of  electron  temperature  and  plasma  potential  on  pressure  for  an 
O2  plasma  is  shown  in  Rg.  5.  The  flow  rate  was  10  seem  at  1  mTorr  with  1000  W  microwave 
power  and  3  cm  source  distance.  The  electron  temperature  remained  about  constant  around  3  eV 
as  pressure  was  increased  from  1  to  5  mTorr.  At  pressure  higher  than  5  mTorr,  electron 
temperature  decreased  with  pressure  and  reduced  to  2  eV  at  20  mToir.  Meanwhile,  plasma 
potential  decreased  from  18  to  8  V  as  the  pressure  was  increased  from  1  to  20  mTorr.  Since  the 
collision  probability  is  higher  at  higher  pressure,  electron  temperature  is  reduced  due  to  collision. 
With  lower  electron  energy,  plasma  potential  is  also  reduced.  Both  the  electron  temperature  and 
plasma  potential  can  influence  the  dissociation  efficiency,  etch  rate,  and  profile. 

Hgure  6  shows  the  relationship  between  die  ion  density  and  photoresist  etch  rate  as  a 
functitm  of  O2  flow  rate.  Pressure  was  3  mTorr  with  flow  rate  varied  from  10  to  100  seem.  For 
ion  density  measurements,  the  microwave  power  was  1500  W  with  23  cm  source  distance.  For 
photoresist  etching  of  10  cm  diameter  wafer,  the  microwave  power  was  1000  W  with  5  cm 
source  distance.  As  the  flow  rate  was  increased  from  10  to  100  seem,  the  ion  density  remaitsed 
about  constant  around  4x1010  cm'3.  Howevn,  the  photoresist  etch  rate  increased  from  640  to 
930  nm/tnin.  Although  the  ion  density  does  not  increase  with  flow  rate,  the  neutral  reactive 
species  may  still  increase  and  enhance  the  etch  rate.  Reducing  the  area  to  be  etched  also  lower 
the  flow  rate  needed  to  maintain  a  constant  etch  rate.  The  dependence  of  etch  rate  on  flow  rate 
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and  etch  area  suggests  that  photoresist  etching  is  limited  by  the  concentrations  of  reactive 
species.  For  Imo'  area  to  be  etched,  the  loading  effect  can  be  significant  and  sufficient  gas  flow 
should  be  provide  to  enhance  etch  rate  and  iminove  etch  uniformity. 


Fig.  6.  Relationship  between  the  ion  density 
and  photoresist  etch  rate  as  a  function  of  Oi 
flow  rate.  Ion  density  was  obtained  at  1500  W 
microwave  power  and  23  cm  below  the  ECR 
source.  Photoresist  etch  rate  was  obtained  at 
1000  W  microwave  power,  50  W  rf  power, 
and  5  cm  source  distance. 

High  throughput  ahd  unifoim  etching 
are  ^uirM  in  manufacturing  to  lower  cost 
and  improve  yield.  While  throughput  can  be 
increased  by  using  large  diameter  wafers,  it 
is  important  to  maintain  ^ood  etch 
uniformity.  Hgure  7  shows  the  ion  density 
uniformity  of  an  O2  plasma  from  the  center 
of  the  stage  to  12  cm  away  from  the  center 
at  different  source  distance.  The  flow  rate 
was  10  seem  with  1  mTotr  pressure. 
Microwave  power  was  1000  W  at  3  and 
10  cm;  and  1500  W  at  23  cm  source 
distance.  Ion  density  was  found  to  be  higher 
in  the  center  and  decrease  towards  the  edge 
of  the  stage.  There  is  a  faster  ttectease  in  ion 
density  at  shorter  source  distance.  The 
uniformity  of  ion  density  is  ±2%  across  the 
central  16  cm  diameter  stage  at  23  cm.  At 
longer  source  distance,  the  ions  diffuse 
through  a  longer  path  which  can  minimize 
the  ion  concentration  gradient  and  improve 
uniformity. 


Ing.7.  Ion  density  uniformity  of  an  O2  plasma 
at  different  source  distance.  Flow  rate  was 
10  seem  at  1  mTotr  with  1000  W  microwave 
power. 


Fig.  8.  Etch  rate  uniformity  dependence  on 
ra&al  distance  as  a  function  of  pressure. 
Oxygen  flow  was  15  seem  with  1500  W 
microwave  power,  50  W  rf  power,  and 
10  cm  source  distance. 


Figure  8  shows  the  photoresist  etch  rate  uniformity  dependence  tm  radial  distance  as  a 
function  of  pressure.  The  flow  was  15  seem  with  1500  W  microwave  power,  50  W  rf  power, 
and  10  cm  source  distance.  The  etch  rate  unifmmity  across  a  15  cm  diameter  wafer  is  ±2%  at 
3.5  mTotr  and  ±3%  at  0.5  mTotr.  Meanwhile,  ion  density  uniformity  at  the  same  source  distance 
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is  ±3%  across  the  central  12  cm  diameter  stage.  The  resulu  indicate  that  unifmn  plasma  is 
generated  by  the  ECR  source  which  can  provide  unifonn  photoresist  etching  for  15  cm  diameter 
wafers. 


IV.  SUMMARY 

The  Langmuir  probe  measurements  have  been  used  to  characterue  plasmas  generated  by 
an  multipolar  ECR  source.  Effects  of  the  controllable  input  parameters.  Including  microwave 
power,  IT  power,  gas,  pressure,  flow  rate,  and  stHirce  distance  on  the  plasma  properties  have  been 
sbidied  Ar  was  found  to  have  the  highest  itn  density,  fdlowed  by  Cl  2>N2,  and  O2.  loo  density 
and  photoresist  etch  rate  increase  with  microwave  power  and  decrease  with  source  distance. 
Flow  rate  or  if  power  has  little  influence  on  the  ion  density.  However,  photoresist  etch  rate 
increases  with  if  power  and  flow  rate.  The  etch  rate  enhancement  may  be  related  to  the  higher 
ion  energy  at  higher  if  power  and  the  higher  neutral  reactive  species  concentrations  at  higher 
flow  rate.  Ion  density  inidally  increases  with  pressure  then  decreases  at  higher  pressure. 
PhotCHesist  etch  rate  also  follows  the  same  trend  with  pressure.  Uniformity  of  ion  deuity  was 
±2%  across  a  16  cm  diameter  suge  for  an  O2  plasma  at  23  cm  source  distance.  Meanwhile, 
uniformity  of  £2%  was  also  found  for  photcnesist  etching  of  13  cm  diameter  wafer  at  10  cm 
source  distance.  Electron  temperature  was  3  eV  and  plasma  potential  was  IS  V  at  3  mTorr  which 
provides  an  optimized  condition  for  photoresist  etching  of  0.1-pm-wide,  l-pm-deep  features. 
The  results  from  the  Langmuir  probe  measurements  are  used  to  control  phounesist  etching  by 
relating  the  etch  rate  to  ion  density  and  ion  energy. 
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SURFACE  REACTIVITY  OF  SILICON  AND  GERMANIUM 
IN  CF4-O2  REACnVE  ION  ETCHING 
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2  rue  de  la  Houssiniite  44072  NANTES  Cedex  03,  France 

ABSTRACT 

Reactive  ion  etching  of  silicon  and  germanium  in  CF4  -  O2  was  investigated.  Above  20%  O2 
germanium  etching  is  selective  with  respect  to  silicon.  In  agreement  with  the  evolution  of  the 
fluorine  and  oxygen  concentration  in  the  plasma  arrd  of  the  etch  products  formation  rate,  surface 
analysis  reveals  that  the  growth  of  a  SiOxFy  layer  slows  down  the  silicon  etching  whereas  the 
formation  of  GeOxFy  does  not  inhibit  germanium  etching.  Using  a  simple  kinetic  model,  the 
silicon  and  germanium  reactivity  and  its  dependency  with  respect  to  the  plasma  composition  ate 
expressed  in  function  of  the  experimental  data.  Results  suggest  that  surface  composition  controls 
silicon  etching,  whereas  germanium  etching  depends  cmly  on  the  fluorine  flux  on  the  surface. 

INTRODUCTION 

Germanium  is  reported  to  be  etched  mote  rapidly  than  silicon  in  most  fluorine-,  chlorine-,  and 
bromine-  based  plasmas'  with  an  exception  for  SFg  based  plasmas  for  which  the  reverse  has  been 
observed^’^.  In  SFe  -  Oj,  as  the  gas  mixture  is  enriched  in  O2,  the  silicon  etch  rate  drops  rapidly 
to  zero  because  of  the  growth  of  a  SiOxFy  layer  described  as  a  "blocking  layer".  Concerning 
germanium  a  GeOxFy  layer  exists  even  at  low  percentages  of  O2  but  does  not  inhibit  the  etching  ; 
through  the  competition  between  oxygen  and  fluorine  the  decrease  of  the  etch  rate  is  related  to  a 
change  in  composition  of  this  layer^.  Under  the  same  experimental  conditions  CF4  -  O2  plasmas 
exhibit  seif  bias  voltages  more  negative  than  in  SF^-Oz ;  this  is  believed  to  have  important  impli¬ 
cations  in  the  surface  mechanisms. 

EXPERIMENTAL 

ExperirtKnts  were  performed  in  a  diode  reactor  with  10  cm  in  diameter  <100>  Si  and  <1 1 1> 
Ge  wafers  placed  onto  a  13  cm  in  diameter  aluminium  powered  electrode.  Plasma  conditions  were 
the  following  ;  30  seem  CF4  -  O2  (with  Ar  as  actinometer),  13.3  Pa,  13.56  MHz,  50  W.  The  self 
bias  voltage  of  the  sample  was  seen  to  decrease  from  -180  V  (CF4)  to  -130  V  (CF4  -  O2  50%  O2) 
and  then  increased  to  -200  V  (CF4  -  O2  90%  02).  Atomic  fluorine  (F/Ar)  and  oxygen  (0/Ar)  rela¬ 
tive  concentrations,  and  etch  products  (SiF4,  GeFa)  formation  rate  were  investigated  by  optical 
emission  spectroscopy  (OES)  using  F(k  =  703.9  nm),  O  (A,  =  777.2  nm),  Ar  (A,  =  750.4  nm) 
emission  lines,  and  mass  spectrometry  (MS)  respectively.  After  etching,  surface  characterization 
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experiments  were  performed  by  quasi  in-situ  X-ray  photoeiectron  spectroscopy  (XPS),  etch  rates 
were  determined  by  weight  loss  measurements. 


RESULTS  AND  DISCUSSION 

OES  The  evolution  of  the  fluorine  concen¬ 
tration  in  the  CF4  -  O2  plasma  exhibits  bell 
shaped  curves  for  both  silicon  and  germanium, 
very  similar  to  the  one  obtained  for  aluminium 
(fig.  1).  The  addition  of  a  few  percent  of  O2  to 
CF4  increases  the  fluorine  concentration,  as 
reactions  between  CFx  radicals  and  atomic 
oxygen  are  an  important  source  of  atomic 
fluorine.  Much  lower  values  than  those  obser¬ 
ved  for  aluminium  show  evidence  of  fluorine 
consumption :  for  germanium  the  fluorine  con¬ 
sumption  is  higher  than  for  silicon  ;  moreover  it 
remains  high  for  all  CF4  -  O2  mixtures,  whereas  for  silicon  a  strong  decrease  is  observed  for 
CF4-O2  (%02>60).  The  oxygen  concentration  starts  to  be  significant  above  10%  O2,  and  is 
significantly  greater  for  silicon  than  for  germanium. 

Etch  rate  and  MS  Both  silicon  and  germanium  etch  rates  (ER(Si)  and  ER(Ge))  are  found  to 
increase  strongly  when  a  few  percent  of  O2  is  added  to  CF4  (fig.  2).  However,  ER(Si)  starts  to 
decrease  above  10%  O2  whereas  ER(Ge)  decreases  only  above  30%  O2.  ER(Ge)  is  greater  than 
ER(Si)  except  in  CF4  -  02  (%02  <  10) ;  above  10%  O2  the  selectivity  is  in  favour  of  germanium. 
A  similar  result  has  been  reported  for  SFe  -  O2  etching  under  the  same  experimental  conditions  but 
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Fig.  2  :  Etch  rate  of  Si  and  Ge 
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Rg.  3  :  MS  signals  SiFj*  and  GeF3* 
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then  the  transition  occured  at  60%  The  evolution  of  MS  signals  SiF3''’  and  GeF3‘*’  is  in 
agreement  with  the  etch  rates  (fig.  3).  A  careful!  survey  of  the  mass  spectrum  up  to  m/e  =  3(X), 
shows  only  traces  of  Si2F6  and  Ge2F6  in  CF4  etching  (resulting  from  reactions  in  the  gas  phase), 
and  no  oxyfluoride  products  in  CF4  -  02-  Conclusion  is  that  SiFa  and  GeFa  are  the  only  com¬ 
pounds  resulting  from  the  etching  mechanism,  and  are  not  dissociated  in  the  gas  phase. 


After  etching,  fluorine  and  oxygen  atoms  arc  present  on  the  silicon  surface,  cartwn  is  observed 
only  for  CF4  etching.  Up  to  20%  O2  the  silicon  surface  is  observed  to  be  clean,  the  Si  2p 
spectrum  shows  an  intense  substrate  contribution  Si®,  (fig.  4),  some  Si*  species  due  to  Si  -  F  and 
Si  -  O  bonds  are  present.  As  the  gas  mixture  is  enriched  in  O2,  the  growth  of  a  superficial  layer 
containing  SiOxFy  species  is  observed  (fig.  6). 

The  cleanest  surface  is  obtained  for 
20%  O2,  corresponding  to  a  high  etch  rate  and 
a  minimum  thickness  for  the  superficial  layer. 

The  calculation  of  this  thickness  is  based  on  the 
ratio  of  the  sum  of  the  Si*  to  Si*'^  contributions 
over  the  Si®  substrate  contribution. 

The  elemental  composition  of  this  layer 
changes  gradually  from  SiF2  (0%  O2)  to  SiOF2 
(40-60%  O2)  and  to  SiOF  (80%  €>2)  (fig.  5). 

The  amount  of  oxygen  in  the  layer  is  found  to 
be  constant  above  20%  O2  whereas  the  ratio 
F/O  drops  from  2  to  1 ;  the  growth  of  this  layer 
corresponds  to  a  change  in  its  composition,  fluorine  being  replaced  by  oxygen.  As  shown  by 
OES,  MS  and  etch  rate,  the  formation  of  the  SiO^Fy  layer  results  in  a  slower  etching  rate. 


%0^  in  CF^  -  Oj 

Fig.  6  :  Thickness  of  the  superficial  layer 
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As  soon  as  O2  is  added  to  CF4,  various  GeOxFy  species  corresponding  to  oxidation  states  Ge* 
to  Ge^  are  present  on  the  gemuuiium  surface  (fig.  7).  The  superficial  layer  remains  constant  in 
thickness  (fig.  6)  and  composition  (flg.  8),  the  F/O  ratio  being  equal  to  1.  OES,  MS  and  etch  rate 
show  that  the  presence  of  a  GeOFy  layer  does  not  inhibit  the  etching  of  germanium  on  the 
contrary  to  what  is  observed  for  silicon. 


Kinetic  model  The  etch  product  of  silicon  and  germanium  is  respectively  SiF4  and  GeF4  and 
the  etchant  is  atomic  fluorine ;  so  let  ER  and  MS  signal  be  expressed  as : 


£/?«?;•  Vyr  and  «  rf-Np 


with  77  the  surface  reactivity,  Np  and  N^fp^  respectively  the  concentration  of  fluorine  and  the 
concentration  of  the  etch  product  in  the  gas  phase,  M  standing  for  Si  or  Ge.  Np  is  given  by  OES 
through  the  relation : 


F/Ar<x 


Ef.  JL 

N  N^r 


with  ^  respectively  the  concentration  of  argon  and  the  total  concentration  in  the  plasma, 

EiR 

both  being  kept  constant.  Then  the  ratios - and  — ^  are  proportional  to  the  reactivity  r; . 

F/Ar  F/Ar 

Indeed  there  is  a  remaikable  qualitative  s^reement  between  and  (fig.  9).  MS  and 

F/Ar  F/Ar 

ER  measurements  definitely  describe  the  same  phenomenon ;  this  agrees  with  the  experimental 

observation  that  SiFa  and  GeFa  are  the  only  etch  product  of  silicon  and  germanium  in  CFa  -  O2. 

ER 

A  quantitative  comparison  between  and  can  be  done  by  using  the  ratio - . 

F/Ar 
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T]Cf  remains  roughly  constant,  whereas 
decreases  rapidly  with  addition  of  O2  to  CF4. 
The  selective  etching  of  germanium  with 
respect  to  silicon  is  due  to  a  greater  surface 
reactivity.  XPS  results  show  that  oxygen  is 
present  on  the  surface  and  thus  competes  with 
fluorine  to  occupy  vacant  sites  on  the  surface. 
Moreover  this  competition  changes  the  surface 
composition  for  silicon  whereas  it  has  no  effect 
for  germanium.  Using  a  reasoning  similar  to 
that  of  Mogab^,  77  can  be  expressed  as  ; 


%02  in  CF^  -  Oj 

Fig.  9  :  Surface  reactivity  (atbitrary  units)  of  Si  and 


m 


i 


Ge 


n=- 


i+c 


~D/aF 

'  F/Ar 


ER 

expressed  as - and 

F/Ar 


MFy 

F/Ar 


with  T)'  the  intrinsic  reactivity  depending  only  on  the  temperature  and  C  a  constant  including  the 


ratio  of  the  oxygen  adsorption  constant  on  the  surface  over  the  desorption  constant. 

Plotting  ER  against  F/Ar  gives  the  dependency  of  the  etch  rate  on  the  fluorine  concentration 
(fig.  10),  in  brackets  are  indicated  the  various  percentages  of  O2  in  the  gas  mixture.  A  linear 
relation  is  observed  for  germanium  since  17^^  is  constant,  for  silicon  the  loop  shaped  curve 
observed  denotes  a  decreasing  775,  as  the  gas  mixture  gets  richer  in  O2.  The  consistency  of  the 

model  can  be  tested  by  verifying  that  the  plot  of  -  against  21^  is  linear  (fig.  1 1).  The 

ER  F/Ar 


model  is  thus  valid  for  silicon  ;  concerning  germanium,  no  depiendence  of 


F/Ar 

ER 


on 


0/Ar  . 

— -  IS 

F/Ar 


observed  since  is  constant. 
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Discussion  Under  our  experimental  conditions  germanium  etching  in  CF4  -  O2  behaves  in  an 
ideal  manner :  the  etch  rate  is  strictly  proportional  to  the  fluorine  concentration  in  the  plasma.  The 
main  effect  of  the  addition  of  oxygen  to  CF4  is  the  change  of  fluorine  concentration  in  the  gas. 
This  enables  to  adjust  the  germanium  etch  rate  by  varying  the  gas  mixture.  The  addition  of  oxygen 
has  no  or  little  effect  on  the  chemical  composition  of  the  germanium  surface  ;  there  is  no 
competition  between  oxygen  and  fluorine  on  the  surface  for  this  material,  or,  more  exactly,  the 
competition  mechanism  does  not  depend  upon  the  oxygen  concentration.  This  means  that  the 
oxygen  desorption  is  faster  than  the  adsorption.  Such  an  ideal  behaviour  is  not  observed  under  the 
same  experimental  conditions  in  SF^  -O2,  since  tlwn  tiq^  decreases  with  the  addition  of  02^- 
We  believe  the  ion  bombardment  -  much  more  energetic  in  CF4  -  O2  than  in  SF^  -  O2  -  is 
responsible  for  this  major  difference  between  the  two  plasmas  ;  in  particular  energetic  ions  could 
stimulate  surface  mechanisms  of  active  species  such  as  surface  mobility,  desorption,  and 
diffusion  through  the  superficial  layer. 

Silicon  etching  in  CF4  -  O2  is  controlled  by  the  competition  between  oxygen  and  fluorine  at  the 
silicon  surface.  The  adsorption  of  oxygen  leads  to  the  growth  of  a  SiOxFy  layer  limiting  the 
silicon  etching.  The  ion  bombardment  which  is  the  same  for  silicon  and  germanium  appeals  to  be 
uneffective  to  remove  this  blocking  layer.  The  explanation  for  this  different  behaviour  between 
silicon  and  germanium  is  necessarily  in  relation  with  the  material  itself. 

Before  etching,  the  native  oxide  on  germanium  is  four  times  thicker  than  on  silicon,  indicating 
that  silicon  oxide  is  a  much  more  efflcient  barrier  to  the  diffusion  of  active  species  than 
germanium  oxide  is.  During  the  etching  the  GeO^Fy  and  SiOxFy  layer*  are  believed  to  have  a 
similar  behaviour  to  the  native  oxides,  the  GeOxFy  layer  being  more  permeable  to  the  active 
species  than  the  SiOxFy  layer.  The  Si  -  O  bond  is  stronger  than  the  Ge  -  O  bond  and  more 
covalent,  so  its  removal  with  fluorine  needs  a  higher  activation  energy.  Finally  the  thermal 
conductivity  of  silicon  is  roughly  twice  that  of  germanium,  so  locally  the  surface  temperature  on 
germanium  could  reach  higher  values  than  on  silicon,  again  this  would  enhance  surface  mobility, 
desorption,  and  substitution  of  fluorine  to  oxygen  on  the  germanium  surface. 
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ABSTRACT 

We  describe  an  expmmental  method  capable  of  evaluating  the  elastic  and  loss  moduli 
and  the  thermal  diffusivity  in  thin  films.  The  versatility  of  the  technique  is  demonstrated 
with  data  scans  from  seve^  films  of  technological  interest 

INTRODUCTION 

Materials  development,  particularly  in  the  area  of  thin  films,  has  become  the  driving 
force  for  advances  in  many  technologies.  In  order  to  optimize  fabrication  techniques,  it  is 
important  to  have  a  flexible  methr^  to  characterize  these  materials  that  has  real-time 
nondestructive  and  in  situ  capabilities.  Recently,  we  showed  how  to  characterize 
unsupported  and  silicon-supported  polyimide  films  with  a  novel  technique  that  is 
noncontact,  nondestructive,  has  real-time  (-ms)  data  acquisition  rates,  and  high  (-50  ^m) 
spatial  resolution  1,2.  The  method,  known  as  Impulsive  Stimulated  Thermal  Scattering 
(ISTS),  involves  optical  excitation  and  detection  of  acoustic  waveguide  modes  and  thermal 
distuttances  and  is  based  on  transient  grating  methods  used  in  the  past3,4.  The  inftmnation 
obtainable  ftom  such  expedments  can  be  used  to  determine  the  elastic  and  loss  moduli  as 
well  as  the  degne  of  adhesion  and  the  thermal  diffusivity. 

We  start  with  a  description  of  the  technique  and  the  experimental  arrangement.  We 
then  demonstrate  the  versatility  and  capabilities  of  the  method  by  displaying  data  collected 
from  a  wide  variety  of  materitds  under  various  conditions.  We  flrst  show  the  sensitivity  of 
the  technique  by  presenting  data  collected  in  a  single  laser  shot  from  thin  polyimide  Elms. 
We  then  demonstrate  the  spatial  resoluticm  in  a  study  of  the  tungsten  coated  20  micron  bevel 
of  a  razor  blade  and  we  end  with  a  demonstration  of  how  the  method  can  be  used  to  monitor 
film  processing  by  following  the  evolution  of  the  thermal  and  mechanical  properties  of  a 
polyimide  film  in  real-time  as  it  undergoes  cure. 

EXPERIMENTAL  APPARATUS 

The  experimental  arrangement  used  here  is  very  similar  to  that  described  previouslyZ.  A 
thin  Elm  sample  is  irradia^  with  two  picosecond  "excitation"  laser  pulses  derived  ^m  a 
Q-switched  mode-locked  and  cavity  dump«l  YAG  laser.  Optical  absorption  followed  by 
rapid  nonradiative  relaxation  leads  to  the  sudden  ("impulsive”)  formation  of  a  temperature 
grating  which  images  the  optical  interference  pattern.  This  grating  pattern  is  characterized 
by  a  scattering  wavevector  q,  whose  magnitude  is  determined  by  the  crossing  angle  between 
the  excitation  pulses,  lliermal  expansitm  following  this  mild  heating  results  in 
counterpropagating  acoustic  waves  with  wavevectors  +1-  q  (the  transient  response)  and  a 
steady-state  density  modulation  and  surface  corrugation  which  persists  until  thermal 
diffusion  returns  the  system  to  equilibrium.  The  damped  acoustic  oscillations  and 
subsequent  thermal  diffusion  which  occur  following  this  optical  excitation  are  observed  in 
real-tinne  by  monitoring  the  time-dependent  diEraction  of  a  continuous  wave  probe  beam 
derived  from  an  argon  ion  laser  with  a  fast  photodiode  and  transient  digitizing 
oscilloscopeZ. 
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DEMONSTRATION  OF  EXPERIMENTAL  SENSITIVITY  AND  RAPID 
DATA  ACQUISITION  TIMES 

The  high  sensitivity  of  the  ISTS  technique  results  from  background  free  detection  of 
signal  and  the  fact  that  the  entire  material  resptmse  is  monitored  with  every  shot  of  the 
laser. 


time  <ncK>secoods) 

Part  A 


Pan  B 

Figure  1:  ISTS  data  from  an  a  3. IS  micron  unsuppOTted  sample  of  Dupont's 
PI2SS5  (BTDA/ODA/MPD).  The  upper  trace  shows  acoustic  oscillations  and 
decay  which  leave  diffraction  only  from  the  thermal  grating.  Decay  of  the 
thermal  grating  is  illustrated  in  pan  B.  The  inset  of  pan  B  gives  a  schematic 
illustration  of  the  experiment. 

These  two  properties  enable  routine  data  collection  from  a  wide  variety  of  samples  in  a 
single  shot  or  a  very  few  shots  of  the  laser,  resulting  in  millisecond  to  second  data  collection 
times.  To  demonstrate  this,  we  show  in  figure  1  data  collected  from  a  1.S6  micron  sample 
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of  the  polnmide  BTDA/ODA/MPD.  This  data  was  collected  in  a  single  shot  of  the  laser, 
resulting  in  a  data  acquisition  time  of  approximately  one  millisecond.  The  upper  trace 
shows  acoustic  oscillations  and  decay  which  occur  typically  on  nanosecond  time  scales. 
The  lower  trace  shcmvs  ^adual  decay  of  signal  due  to  thermal  transport  both  in  and  out  of 
the  plane  of  the  film,  l^u  like  that  shown  in  the  upper  trace  enables  determination  of  the 
elastic  and  loss  moduli,  and  data  like  that  shown  in  the  lower  trace  enaUes  determination  of 
the  thermal  c^usivity. 

DEMONSTRATION  OF  HIGH  SPATIAL  RESOLUTION 

This  technique  also  has  high  spatial  resolution.  This  resolution  is  in  practice  limited  by 
the  wavelength  of  the  interference  grating.  In  particular,  the  spot  size  of  the  focussed 
excitation  bams  must  be  large  enough  that  the  excitation  grating  pattern  is  well  defined 
(that  is,  there  must  be  several  interference  fringes  across  the  spot)  In  practice,  this  sets  a 
resolution  limit  of  tens  of  microns.  To  demonstrate  this  relatively  high  level  of  spatial 
resolution,  we  show  in  figure  2  data  collected  from  the  20  micron  bevel  of  a  tungsten  coated 
razor  blade. 


Figure  3;  ISTS  data  collected  from  the  20  micron  bevel  of  a  tungsten  coated 
stainless  steel  razor  blade.  For  this  set  of  experiments,  the  low  optical 
quality  of  the  sample  necessitated  the  use  of  a  pulsed  probe  and  lock-in 
detection. 

This  figure  shows  data  collected  from  two  different  spots  on  this  bevel  to  illustrate 
reproducibility  of  the  results.  The  oscillation  fr^uencics  that  are  observed  in  the  data,  and 
which  are  displayed  in  the  insets,  are  determined  by  the  mechanical  properties  of  this 
tungsten  coating.  Prop^es  such  as  these  are,  of  course,  of  great  interest  to  engineers  at 
Gillette  who  wish  to  design  high  modulus  coatings  that  will  enhance  wear  resistance. 
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DEMONSTRATION  OF  REAL  TIME  IN  SITU  PROCESS  MONITORING 

In  this  final  section,  we  show  how  die  ISTS  technique  can  be  used  to  follow  in  real-dme 
the  tenqxHal  evolution  of  thennal  and  mechanical  properties  during  film  fabrication  and 
processing.  Here  we  examine  the  process  of  polyimide  diin  film  curing  from  the  polyamic 
acid  to  the  fully  cured  polymer.  The  sample  conidsted  of  a  silicon  suppoited  -6  micron  film 
of  Dupont's  PMDA/ODA.  Curing  was  carried  out  in  vacuum,  and  the  temperature  was 
ramped  at  a  rate  of  2  K/min  fiom  room  temperature  to  525  K.  After  reaching  525  K.  the 
sanqile  was  allowed  to  cool.  During  the  cure.  ISTS  measurements  were  carrikMl  out  every 
10  K  (or.  equivalently,  every  5  minutes).  The  results  are  given  in  figure  3.  The  datt  in  the 
first  franM  of  figure  3  show  the  evolution  of  the  frequency  of  die  Rayleigh  wave  (a  surface 
acoustic  wave  excited  by  our  excitation  pulses  which  propagates  at  the  surface  of  the 
polymer  film)  as  a  function  of  temperature.  Initially  we  see  an  overall  decrease  in  this 
ftequency  which  can  at  least  in  part  be  attributed  to  the  temperature  dependence  of  the 
modulus  of  the  pcdyatnic  acid.  This  is  ftdlowed  1^  a  change  in  slope  near  430  K  which  can 
be  tenutiveiy  assign^  to  the  onset  of  imidization.  At  525  K  we  see  that  the  previously 
uncured  polyamic  acid  is  sufficiently  imidized  so  that  the  mechanical  properties  that  we 
measure  are  the  same  as  those  in  a  fully  cured  film.  Note  the  consistency  of  the  temperature 
dependent  Rayleigh  ftequency  in  the  studied  film  and  an  in^i^ndently  cured  film.  (See 
the  upper  fraine  of  figure  4).  In  the  second  frame,  we  show  the  in-plane  thennal  diffusivity 
determined  from  the  same  set  of  experiments.  'The  behavior  of  the  thermal  diffusivity  is 
consistent  with  that  seen  in  the  Ralegh  wave  frequency.  That  is,  we  see  that  there  is  a 
sharp  change  in  behavior  at  about  430  K,  and  by  the  time  the  film  temperature  has  reached 
525  K  or  so,  the  film  appears  to  us  to  be  fully  cured.  It  is  clear  that  infoimation  such  as  this 
could  be  quite  valuaUe  to  those  interested  in  optimization  of  curing  conditions  in  these 
films. 
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temperature  (K) 

Figure  3:  Rayleigh  wave  frequency  and  the  in-plane  thermal  diffiisivity  in  a 
6  micron  sample  of  Dupont's  PI2S4S  (PMDA/ODA)  as  a  function  of 
temperature  as  the  film  unde^oes  cure  and  the  polyamic  acid  precursor  is 
converted  to  poljdmide.  This  sort  of  information  is  valuable  for  process 
control  and  optimization  of  fabriactitm  conditions. 

SUMMARY  AND  CONCLUSIONS 

We  have  described  an  experimental  technique  suitable  for  convenient  characterization 
of  film  mechanical  and  thermal  properties.  We  showed  rqncsentative  data  from  several 
samples  under  different  conditions  to  illustrate  the  flexibility  of  the  method. 
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ABSTRACT 


The  advantages  of  in-situ  SIMS  plasma  probe  diagnostics  are  highlighted  in  low  pressure 
hydrocaibon  Eut  reactive  ion  etching  (RIE)  of  ffl-V  materials.  Three  aqtects  of  the  RIE  process 
are  investigated.  First,  the  dominant  ion  mecies  in  a  CH4/H2/Ar  plasma  are  recorded  at  various 
chamber  pressures,  ECR  powers,  CH4/(Cn4-i-H2)  gas  flow  ratios  and  microwave  cavity  tuning. 
These  studies  have  improved  our  understanding  of  the  effects  of  these  parameters  on  the  relative 
concentradons  of  reacdve  piecurscH'  species  in  the  plasma  and  have  led  to  more  rapid  opdmizadon 
of  the  etch  system.  Secondly,  SIMS  has  been  usni  for  idendficadon  of  reaction  products  from 
die  m-V  surface  at  the  opdmized  plasma  condidons.  The  Ar  diluted  mixture  gives  rise  to 
significant  levels  of  group  V  hydrides  aiul  mganometallic  compounds  and  the  dominant  group  III 
voladle  ions  have  b^n  positively  identifi^  as  dimethyl  sprcies.  The  third  and  final  aqicct 
reported  is  the  ai^licadon  of  volatile  product  idendficadon  to  endpmnt  detection.  In  IcnP  iraildple 
quantum  well  samples,  layers  as  thin  as  SOA  are  easily  distinguishable. 


INTRODUCTION 


The  future  development  of  integrated  optoelectronics  requires  the  use  of  suitable  reactive  ion 
etching  techniques  for  the  control  of  lateral  dimensions  and  the  fabrication  of  smooth  vertical 
facets.  Hydrocarbon  based  plasmas  have  been  shown  to  be  effective  for  etching  many  In-based 
ni-V  semiconductor  alloys.  However,  the  etch  rate  depends  on  the  composition  of  the  alloy  and, 
in  multiple  quantum  well  (MQW)  structures,  this  gives  rise  to  "bumps"  in  the  sidewalls  at  the 
more  etch  resistant  layers'. 

Further  improvements  in  this  technique  will  depend  heavily  upon  a  mcxe  detailed  understanding 
of  the  physical  and  chemical  mechanisms  of  the  etch.  In  this  w^  we  highlight  the  advantages  ttf 
in-silu  SIMS  plasma  probe  diagnostics  for  detailed  studies  of  the  chemistry  of  reactive  precursor 
species  and  volatile  reaction  products  in  hydrocarbon  ECR  RIE  of  Ill-V  compounds.  The 
application  of  reaction  product  identification  to  endpdnt  detection  is  also  demonstrated. 


EXPERIMENTAL  DETAILS 


The  ECR  reactive  ion  etch  apparatus  has  been  described  in  detail  elsewhere^.  Briefly,  the 
system  consists  of  a  stainless  steel  chamber  and  load-lock  which  is  evacuated  with  a  1000  Is  ' 
turbo  pump.  The  ECR  source  is  a  Wavemat  MPDR  300  (2.45  GHz)  and  an  r.f.  baas  (13.56 
MHz)  could  be  applied  to  the  stage  to  control  the  energy  of  impinging  ions.  Process  gases 
include  semiconductor  grade  purity  CH4,  H2  and  Ar.  The  etch  chamber  was  cleaned  witii  O2 
prior  to  every  etch  run  to  remove  polymer  deposits  and  this  was  followed  by  a  10  minute  H2/Ar 
clean  to  remove  residual  oxygen.  Samples  were  masked  with  spin-on-glass. 
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Species  in  the  pUsma  were  analyzed  with  a  Hiden  Quadnipole  Mass  Spectrometer  (QMS) 
plasma  probe  posiwmed  at  an  angle  ^17*  widt  reqtect  to  the  sa^le  stage  a^  widi  the  probe  tip 
6cm  from  the  sample.  Different^  pumping  of  the  QMS  through  a  ISOmicron  diameter  aperture 
gave  qterating  pressures  of  less  than  1(H  Torr  for  RS  chamber  pressures  up  to  20mTan. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


In  part  1  of  this  section,  we  relate  precursor  ions  in  the  plasma  to  etch  characteristics  obtained 
during  system  optimization.  Part  2  investigates  the  volatile  products  in  hydrocarbon  etching  ot 
InP  and  part  3  demonstrates  the  an>lication  of  volatile  product  identification  to  endpoint  detect^ 


I  nnrimiyntion  Of  Etch  Parameters 


System  t^timizadon  has  been  carried  out  by  studying  etch  profile  characterisdes  and  mass 
spectra  data  as  a  funedon  of  total  pressure,  ECR  power,  gas  flow  rado  and  microwave  cavity 
tuning.  Initially,  the  effect  of  varying  the  total  pressure  was  invesdgated  with  other  parameters 
held  constant  at  80W  ECR  power,  SOW  r.f.  powo-  (-200V  t^)  and  flow  rates  of  2.8  seem  CHr, 
18  seem  and  8  seem  Ar.  Figure  1  shows  that  a  clean  etch  profile  was  placed  for  sanqiles 
etched  at  a  total  pressure  of  S.S^mTorr.  At  lOmTorr,  however,  micromasking  occurred  on  the 
sample  surface,  particularly  along  the  sidewalls.  These  "needle-like”  features  are  all  the  same 
height,  suggesting  that  they  were  formed  at  the  start  of  the  etch.  The  effects  of  increasing 
pressure  in  low  pressure  ECR  hydrocarbon  etching  of  InP  have  also  been  repor^  by  Pearton  et 
al  3.  They  observed  increasing  polymer  dep<»ition  on  the  surface  with  increasing  mssure  and 
above  SOmTotr  surfaces  were  cove^  with  a  thick  polymer  film.  It  is  likeljr,  therefore,  that  the 
features  in  Fig.  1  result  from  preferential  deposition  of  carbon  ^lecies  on  residue  accumulations 


06 

a 


34  5  6  7  8  9  10  11 

Total  Pressure  (mTorr) 

Hgurel.  Etch  pra^  for  samples  prepared  at  3.SmTonr  and  lOmTorr.  Also  shown  is  the  ratio 
(rf  £C2  ions  to  £Ci  tons  recorded  in  dus  pressure  range. 
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left  during  imparation  of  the  mask,  pankulariy  along  the  sidewalls. 

It  is  interesriny  to  consider  what  plasma  species  give  rise  to  preferential  draosition.  1 
shows  £C2/£Ci  mo  rttb  as  a  function  of  pressure,  where  Ci  ions  are  CH*,  C3H*>  CH3*,  CjU* 
and  CHs*  species  and  Cj  ions  are  CjH*,  CjHv.  C2H3*,  C2I4*.  C2H5*  and  QzHa*  qrecies.  As 
the  pressure  increases  fim  3JmTorr  to  10  mTonr,  the  £C2/£C|  ratio  increases  ftoin  0.125  to 
0l5.  Qeariy,  prdymer  deposidoo  is  directly  related  to  an  increasing  propoitioa  Of  C2  ions  and  it  is 
Uki^  that  dM^  species  are  produced  at  hitler  pressum  from  gas  phase  potymerisatioo*. 

1m  effect  of  varying  the  ECR  power  has  been  investigated  for  a  constant  pressure  of  3.3 
mTorr  and  other  parameters  held  constant  as  before.  In  Bg.  2,  the  etch  profiles  snow  a  dramatM 
increase  in  surface  roughness  as  the  EOl  power  is  iipnised  firom  SOW  to  160W.  The  etch  rate 
was  also  found  to  increase  from  3S0Amin-'  to  SOGAmin  '  over  this  range.  This  trend  may  be 
explained  from  consideration  the  SIMS  data  shown  in  the  same  figure.  Positive  ion  mass 
qtectra  were  recorded  during  etching  and  the  percentage  abundance  of  and  LC|  ions  have 
bm  plotted  at  each  power,  where  H  includes  H^,  H2*  and  H3*  qiecies.  As  the  ECR  power 
increases,  the  ion  abundance  rises  dramatically  and  likely  causes  preferential  remov^  of  P 
fiom  the  InP  surface  resulting  in  In  droplet  foimation.  Chang  et  of  ’  observed  similar  droplets 
during  H2  RIE  of  InP. 

Attempts  have  been  made  to  remove  these  In  droplets  at  160W  ECR  power  by  increasing  the 
proportion  of  methyl  species  in  the  plasma.  The  hope  was  to  increase  the  fonnation  of  the  volittile 
group  ni  methyl  and  dimethyl  secies  and  thereby  improve  the  surface  morphology  while 
maintaining  high  etch  rates.  Figure  3  shows  the  etch  pronles  for  samples  etched  at  160W  ECR 
power  and  CH4/(CH4+H2)  flow  ratios  ranging  from  13%  (as  in  Bg.  2)  to  100%.  The  %  ion 
abundance  of  £C|  ions  ana  £H  ions  are  also  plotted  in  Fig.  3.  As  the  flow  ratio  increases  from 
13%  to  100%,  the  £H  abundance  reduces  from  60%  to  16%  and  the  £Ci  abundance  increases 
fiom  28%  to  M%.  It  is  interesting  to  note  that  the  highest  £Ci  %  ion  abundance  (no  H2  dilution) 
gave  rise  to  the  fastest  the  etch  rates  of  12(X}Aniin->  and  much  smoother  surface  morphologies. 
These  results  suggest  that  snxMth  etching  of  InP  requires  balanced  removal  rates  of  In  and  P  and 
that  the  etching  is  rate  limited  by  the  fomation  and/or  rcnwval  of  methyl-indium  spedcs. 
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Bgure2.  Etch  profiles  for  satmdesprqiared  at  SOW,  120W  and  160W  ECR  power  and 
the  coirespoading  %  ion  abundance  of  £H  ions  and  £Ci  ions  at  oiese  powers. 


32S 


T 


) 


to  100% ,  160W  ECR,  At  flow  rate  of  Ssccm  and  constant  total  flow^ 28.8sccm. 
Also  shown  is  the  %  ion  abundance  ions  and  ZC]  ions  at  these  flow  nuios. 


Finally,  InP  etching  has  been  carried  out  at  the  same  system  parameters  as  the  sample  piepared 
at  13%  CH4/(CH4+H2)  flow  ratio  in  Fig.  3  except  that  the  ^sition  of  the  microwave  tuning 
piston  was  shifted  l.Scm  to  a  new  stable  resonance  position.  The  surface  nxHphology  and  the 
reactive  ion  precursor  distributions  were  similar  to  the  sample  prepared  at  27%  a^(CH4-t-H2) 
flow  ratio  in  Fig.  3.  These  results  show  that  specific  microwave  cavity  modes  produce  quite 
different  relative  concentrations  of  ion  species  arid ,  therefore,  different  etch  characteristics.  Also, 
SIMS  studies  of  ion  distributions  have  shown  that,  for  a  given  r.f.  bias,  it  may  be  possible  to 
make  predictions  about  etched  surface  properties  based  on  knowledge  of  the  relative 
concentrations  of  kxi  species. 


2.  Identification  Of  Volatile  Products 


The  volatile  products  evolved  during  ECR  hydrocarbon  etching  of  InP  have  been  studied  in 
detail.  Figure  4  shows  mass  spectra  recorded  from  a  CHa/H^Ar  plasma  with  and  without  InP  in 
the  chamber.  The  data  obtain^  without  InP  in  the  chamber  v^l  be  referred  to  as  background.  In 
Hg.  4a,  phosphine  pe^s  appear  well  above  background  at  mass  32, 33  and  34  corresponding  to 
PH*,  PH2*  and  PH3*  ions.  The  mass  47  and  48  peaks  in  Fig.  4b  are  attributed  to  the  primary 
phosphines  HPCH3*  and  H2PCH3*,  respectively.  The  signal  at  mass  46  is  either  the  methyl 
phosphine  fragment  Pai3*  or  perhaps  the  methyline  phospUne  isomer  HPCH2*  and  the  mass  45 
peak  is  labeled  as  PCH2*.  Smaller  signals  (not  shown)  appear  above  background  at  masses  60, 
61, 62  and  76  and  are  assigned  as  (C2H5)P*,  (CH3)2P*,  HP(CH3)2*  and  I^(S[3)3*,  respectively. 
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Rguie4.  Detailed  mass  spectra  profiles  of  a  CH4/H2/Ar  plasma  with  aial  without  InP  in 
the  chamber  m  the  mass  ranges  a)  31'37,  b)  44>S1,  c)  1 12*122,  and  d)  142-1S2. 


Time  (seconos) 


HgureS.  Depth  profile  of  PH3*  and  AsH*  ions  monitored  during  etching  of  an  InP/InGaAs 
na^ple  quantum  structure. 


In  sn  aoempt  co  identify  the  In  leacdon  products,  mass  specm  have  also  beat  rocoided  in  the 
mass  range  112  to  162.  Tte  mass  spectrometer  sensitivity  was  increased  to  S  times  the  kvd  in 
Hgs.  4a  and  4b  and  the  lenormalised  data  for  dominant  peaks  in  this  mass  range  are  shown  in 
Figs.  4c  and  4d,  The  In*  peak  is  clearly  visitde  above  background  at  mass  US  and,  mote 
inqxKtandy,  a  distinct  peak  is  obsoved  at  mass  14S  attributable  to  In(Cll3)2*  ions.  Further  peaks 
have  been  found  at  mass  130  and  131  (not  shown),  indicating  the  presence  of  InCH3*  and 
HInCH3*  species.  No  signal  is  observed  for  the  parent  trimethylindium  (TMI)  molecule 
In(CH3)3*  at  160  and  this  result  is  consistent  with  mass  spectra  data  recorded  by  workers  in 
the  field  of  MOCVD*  which  clearly  show  that  the  main  peak  in  the  cracking  pattern  of  TMI  is 
In(CH3)2*. 


3.  Endpoint  Detection 


In  this  section  we  demonstrate  the  application  of  volatile  species  identification  to  endpoint 
detection  during  etching  of  the  InP/InGaAs  multiple  quantum  well  shown  in  Fig.  S.  Etch 
parameters  were  SOW  ECR  pwer,  40W  r.f.  power  (-160V),  2.2mTorr  and  flow  rates  of  2.8sccm 
CH4,  ISsccm  H2  and  Ssccm  Ar.  The  PH3*  and  AsH*  ions  were  nmnitored  during  of  etching  and 
the  resulting  depth  profiles  are  shown  in  Fig.  5.  The  eight  65A  InGaAs  layers  are  easily 
distinguishable  from  peaks  in  the  AsH*  and  troughs  in  the  PH3*  signals. 


CONCLUSIONS 


These  results  demonstrate  the  value  of  in-situ  SIMS  diagnostics  in  low  pressure  ECR  reactive 
ion  etching.  The  equipment  facilitates  rapid  optimization  of  system  parameters  by  providing 
derailed  information  about  the  reactive  precursor  chemistries  in  the  plasma.  In  adttition,  the 
reaction  chemistry  of  hydrocarbon  RIE  of  III*  V  materials  has  been  clarified  and,  in  parocular,  the 
group  III  volatile  product  has  (>een  identified  for  the  first  time.  Finally,  volatile  product 
identification  has  an  important  application  in  endpoint  detection  and  quantum  wells  of  65A 
thicimess  are  easily  resolved  for  sample  areas  of  Icm^ 


ACKNOWLEDGMENTS 

We  would  like  to  thank  Dr  B.  J.  Robinson  for  supplying  the  MBE  grown  sample  for  endpoint 
detection.  Funding  was  supplied  by  the  Canadian  Institute  For  Telecommunications  Research. 


REFERENCES 

1.  S.M.  Qjha  and  S.J.  Clements,  Proceedings  of  the  Fifth  International  Conference  on 
Indium  Phosphide  and  Related  Materials,  Paris,  France,  pS24,  April  1993. 

2.  DX.  Melville,  J.G.  Simmons  and  D.A.  Thompson,  J.  Vac.  Sci.  Technol.  B,  11, 1-8, 
(1993). 

3.  S.J.  Pearton,  T.A.  Keel,  A.  Katz  and  F.  Ren,  Semicond.  Sci.  Technol.,  8,  1889-1896, 
(1993). 

4.  W.  Zhang  and  Y.  Catherine,  Surf.  Coat.  Tech.,  47, 69,  (1991). 

5.  R.P.H.  Chang,  C.C.  Chang,  and  S.  Darack,  J.  Vac.  Sci.  Technol.,  20  (1),  45,  (1982). 

6.  N.I.  Buchan,  C.A.  Larsen,  and  G.B.  Stringfellow,  J.  Oystal  Growth,  92,  p591,  (1988). 


328 


I 


msnru  MONTTORING  by  mass  SPECraOMETRY  for  GmAs  etched  with  an 
ELECTRON  CYCLOTRON  RESONANCE  SOURCE 


D.  J.  KAHAIAN  AND  S.  W.  PANG 

S<did  State  Electtoiics  Labontoiy.  Oepattment  Electtical  Engineering  and  Computer  Science. 
HieUniversitycrfMichigan,  Ann  Aibor,  MI  48109-2122 


Abstract 

Quadmpole  mass  spectiometiy  (QMS)  has  been  used  as  an  in-sim  diagnostic  technique 
for  GaAs  etch^  with  an  electron  cyclotron  resonance  source.  Changes  in  the  detected  si^al 
intensities  for  reactive  species  and  etch  products  have  been  related  to  corresponding  channs  in 
the  etch  rate  as  several  mocess  parameters  were  varied.  The  detected  and  to  a  kssa 
degree.  and  ^^2^.  were  observed  to  follow  etch  rate  as  microwave  power,  rf  power, 
source  to  sample  distance,  temperature,  and  pressure  were  varied.  The  self-induced  ^  bias 
(IVd^  detomines  ^  etch  rate  dependence  on  etch  time.  The  time  delay  before  saturation  of  the 
monitte^  ''As*  sigiul  corresponding  to  a  constant  etch  rate  is  inversely  propwtional  to  iVdci. 
The  addition  of  N2^2  in  a  4:1  ratio  to  constitute  1S%  of  the  total  discharge  resulted  in  a  95% 
decrease  in  the  intensity  of  the  monitored  ^^As'*'  signal  The  measur«i  etch  rate  decreased  by 
75%. 


Introductioo 

Semicmiductar  devices  with  continuously  decreasing  feature  sizes  require  precise  control 
of  etch  rate,  profile,  and  selectivity  for  pattern  transfer.  etch  techniques  are  often  used  to 
provide  anisotnqtic  etch  profiles:  however,  etch  selectiviw  may  be  low  and  defects  may  be 
reduced  due  re  ion  bombardment  Furthermore,  dry  etching  is  forexl  to  be  extremely  sensitive  to 
system  cooditions  such  as  drifts  in  instruments  or  deposition  on  chamber  walls.  Therefore,  a 
non-invwve  and  sensitive  monitoring  technique  is  needed  to  minimize  run-re-run  variations  for 
dry  etching  to  meet  the  demands  impo^  by  stringent  requirements  for  linewidtfa  control . 

Quadrupole  mass  spectrometry  (QMS)  has  been  used  to  monitor  the  relative 
concentrations  of  reactive  species  and  volatile  etch  products  during  the  etching  of  ni-V 
materials.[l-5]  We  have  used  QMS  as  an  in-situ  diagnostic  technique  for  GaAs  etched  with  a 
Cl2/Ar  discha^  generated  by  an  electron  cyclotron  resonance  (ECR)  source.  Etching  widi  an 
ECR  source  provides  a  discharge  with  high  ion  density  while  maintaining  low  ion  enetgy.[6-8] 
The  concentrations  of  etch  products  and  reactive  species  under  different  etch  conations  have 
been  monittned  and  correlate  to  the  etch  rate. 


Experimental 

All  etchmg  experiments  were  conducted  in  a  multipolar  ECR  souTce.[9]  A  sliding  short 
and  adjustable  input  probe  allow  the  2.45  GHz  microwave  power  to  be  coupM  into  the  cavity 
with  optimal  impedance  matching.  Resistive  heating  and  liquid  nitrogen  flow  aUow  process 
temperatms  to  be  controlled  over  the  range  of  -130  re  400°C  Source  re  sample  distance  can  be 
varied  with  a  moveable  13.56  MHz  rf-powered  stage  while  (iterating  pressures  were  set  by  a 
throttled  1500 1/s  turbomolecular  pump.  An  additional  magnetic  conmement  ting  is  located 
below  the  ECR  source  to  reduce  recombination  of  reactive  species  with  the  chamber  walls. 
Process  gases  are  introduced  into  the  chamber  through  an  tuljust^le  gas  ring  located  around  the 
stage  and  an  atmular  ring  located  at  the  base  ^  the  quartz  dome.  Base  pressure  for  the  load 
looted  ECR  source  was  maintained  below  5x10*^  Terr. 

A  Spectraman  Dataquad  QMS  mounted  66  cm  downstream  from  die  plasma  chamber 
wall  was  usM  re  monitor  etch  products  and  reactive  species  present  within  the  plasma.  The  mass 
spectrometer  was  differentially  pumped  by  a  80 1/s  turbcnnolecular  pump  with  further  pressure 
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rediictlim  achieved  by  an  wifice  that  is  2  mm  in  diameter.  Base  pressure  at  the  mass 
spectrometer  sampling  head  was  kept  below  IxlO*^  Tort.  The  ioniser  eletmon  energy  used  was 
70  eV. 

A  Ni  etch  mask  was  patterned  on  the  materials  through  standard  q>tical  lithography. 
Scanning  electron  microscopy  was  used  to  evaluate  suruux  morphology  while  stylus 
pRKfilometeiy  was  used  to  measure  etch  rates  following  the  removal  of  the  Ni  etch  mask  with 


Results  and  Disoisrion 

Nficrowave  power  and  if  power  were  varied  over  the  ranges  of  0  to  ISOO  W  and  25  to  200 
W,  respectively,  to  investigate  the  ability  of  the  mass  spectrometer  to  relate  etch  rate  with 
detected  signals  of  reactive  spedes  and  etch  products  in  the  chamber.  Correlation  between 
changes  in  the  detected  signal  intensities  and  changes  in  the  measured  etch  rate  were  also 
investigated  for  varying  source  to  sample  distance  (8  to  27  cm),  temperature  (25  to  350  °C),  and 
pressure  (1  to  5  mToir).  The  samples  were  typically  etched  with  a  Cl2/Ar  discharge  using  a  flow 
ratio  of  4/24  seem  at  2  mToir  and  13  cm  below  the  ECR  source  to  provitle  smooth  surface 
m(»iriiology.  As  illustrated  in  Fig.  1,  as  microwave  power  increases,  the  intensity  of  ^^As** 
signal  iiKreases  corremondin^  to  the  faster  observed  etching  of  GaAs.  The  increased  etch  rate 
is  due  to  the  enhanced  dissociation  of  the  Q2  gas  at  higher  microwave  power.  Etch  products 
such  as  GaClx  aixl  AsQx  may  be  dissociated  in  the  discharge  by  the  microwave  power,  and  to  a 
lesser  degree  by  the  if  power  before  reaching  the  ionizer.  Tte  intensities  of  ^At*  was  found  to 
be  independent  of  microwave  power.  Even  though  the  concentration  of  Ar*^  in  the  plasma  is 
expected  to  increase  with  microwave  power,  the  detected  ^^Ar***  signal  intensity  remained 
constant  since  the  mass  speedometer  was  monitming  the  total  concentration  of  Ar  (ions  as  well 
as  neutrals)  and  not  just  Ar  ions.  The  i»k1  signals  were  observed  to  decnmse  slightly 
as  microwave  power  increased.  An  overabundance  of  Cl'*'  ions  is  produced  by  the  ECR  source, 
and  theiefixe,  changes  in  the  '^'^2^  and  3SC1>  signals  are  less  sensitive  to  changes  in  etch  rate. 
Nonetheless,  the  onset  of  deletion  of  reactive  species  is  suggested  by  the  slight  decrease  in  the 
chlorine  sigtials  as  etch  rate  increases  substantially  over  the  large  range  of  microwave  power. 

Irtm  Hg.  2,  tire  GaAs  etch  rate  is  observed  to  increase  from  86  to  171  nmAnin  as  rf 
power  was  inenrased  over  the  range  of  25  to  250  W.  The  ability  of  the  ^^As'*'  signal  to  follow  the 
slight  increase  in  etch  rate  demonstrates  the  sensitivity  of  in-situ  mrmitoiing  by  QMS.  Faster 
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Fig.  1.  Effects  of  microwave  power  on  Rg.  2.  Sensitivity  of  '^5as+  to  etch  rate  for 
spectral  intensities  and  etch  rate.  The  increasing  rf  power.  The  etch  conditions  are 

samples  were  etched  widt  4/24  seem  Q^Ar  similar  to  those  shown  in  Fig.  1  with  50  W 

and  250  W  rf  power  at  2  mTorr,  13  cm  microwave  power, 
source  (fistance,  and  25**C. 
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Hg.  3.  Mass  spectral  intensities  and  etch  rate 
GaAs  as  a  function  of  source  to  sample 
distance.  The  etch  conditions  are  similar  to 
those  shown  in  Fig.  1  with  SO  W  microwave 
power. 


TEMPERATURE  CC) 

Fig.  4.  Correspondence  between  mass 
spectral  intensities  and  etch  rate  for 
increasing  temperature.  The  samples  were 
etched  under  the  same  conditions  as  shown 
in  Fig.  1  with  SO  W  microwave  power. 


etch  rates  for  increasing  rf  power  ir''’cates  that  ion  energy  enhances  GaAs  etching.  The  mass 
spectrometer  is  unaffected  hv  substrate  biasing  as  evidenced  by  the  constant  ^Ar'*'  signal  over 
the  range  of  applied  rt  The  chi .  ' '  signals  were  nearly  independent  of  rf  power.  This 

suggests  that  the  inert  'ah;  at  1  -  .  'I  power  does  not  significantly  deplete  the  chlorine 

concentration. 

The  differentially  ^iJUiped  QMS  is  connected  to  a  flange  on  the  processing  chamber 
located  27  cm  below  the  ECR  source.  The  decreasing  ^^As'*’  signal  and  etch  rate  with  source 
distance  shown  in  Fig.  3  demonstrates  that  '^^As'*'  can  follow  the  etch  rate  without  being  affected 
by  stage  position.  The  self-induced  bias  voltages  OVdeO  increases  with  source  distance  due  to 
the  increased  grounded  area  exposed  to  the  plasma.  It  was  260  V  at  8  cm  and  increased  to  380  V 
at  27  cm.  The  fact  that  etch  rate  continues  to  decrease  ivith  source  distance  despite  the  increase 
in  IVdcl  indicates  that  GaAs  etching  is  limited  by  the  reactive  species  and  not  by  the  ion  energy 
under  these  etch  conditions. 

Higher  temperatures  are  typically  used  in  dn  etching  to  promote  the  desorption  of  group 
m  etch  products.  The  increasing  intensity  of  the  '^As'*'  signal  follows  large  increases  in  etch 
rate  as  a  function  of  temperature  as  illustrated  in  Fig.  4.  Faster  etch  rate  is  obtained  at  higher 
temperature  since  increas^  temperature  is  expected  to  increase  the  reactivity  of  chlorine  species 
at  the  GaAs  surface  as  well  as  momote  the  desorption  of  etch  products.  As  temperature  was 
increased  from  25  to  350°C,  the  '^As*  signal  increased  from  2.9  to  4.6xl0"9  Tojt,  corresponding 
to  an  increase  in  etch  rate  from  166  to  456  nm/min. 

As  shown  in  Fig.  5,  the  increasing  etch  rate  as  a  function  of  pressure  over  the  range  of  1 
to  5  mTorr  is  followed  by  a  corresponding  increase  in  the  monitors  '^^As'*'  signal.  Since  the 
mass  spectrometer  is  sensitive  to  the  partM  pressure  of  species  present  within  the  processing 
chambCT,  the  ^^As+t  ^®Cl2^,  and  35a+  signals  have  been  normalized  with  respect  to  the  ^Ar'*' 
signal  to  account  for  the  increased  concentrations  resulting  from  increased  pressure.  The 
increased  etch  rate  may  be  due  to  the  higher  concentrations  of  reactive  species  as  well  as  the 
higher  ion  energy  at  higher  pressure.  As  pressure  was  increased  from  1  to  5  mTorr,  IVdcl  tdso 
increased  from  2!ro  to  350  V. 

Induction  time,  defined  to  be  the  time  delay  between  the  irutiation  of  the  plasma  and  the 
ittetease  in  the  monito^  ^^As^  signal,  was  examined  as  a  function  of  IVdcl-  GaAs  sample 
was  etched  at  2  mTorr  with  Clj/Ar  at  4/24  seem  using  50  W  of  microwave  power.  The  tenme^ 
resolution  of  the  QMS  is  1  sec.  To  maintain  the  same  condition  before  etching,  the  GaAs 
samples  were  rins^  in  DI  water  and  exposed  to  an  O2  plasma  at  250  mTorr  with  80  W  rf 
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Fig.  S.  Mass  spectral  intensi^  and  etch  rate 
for  increasing  pressure.  Samples  were 
etched  with  the  same  conditions  as  shown  in 
Hg.  1  with  SO  W  microwave  power. 


Hg.  7.  Effects  of  I  Vdcl  on  time  delay  in 
g£^s  etching.  Samples  were  etched  with 
the  same  conditions  as  those  in  Fig.  6. 


Fig.  6.  Time  delay  for  As+  saturation  is 
inversely  proportional  to  I  Vdcl-  Samples 
were  etched  at  13  cm,  2  mToir,  and  2S  "C 
with  SO  W  microwave  power  and  I  Vdcl 
ranging  from  10  to  100  V. 


Fig.  8.  Etch  rate  dependence  on  total  etch 
time  and  I  Vdcl-  Samples  were  etched  with 
the  conditions  used  in  Fig.6. 


power  for  1  min  before  each  run.  The  results  from  Fig.  6  show  no  increase  in  the  intensity 
at  0  V,  indicating  that  no  etching  has  occurred  in  the  absence  of  rf  power.  However,  with  iVd^ 
as  low  as  10  V,  etching  can  still  proceed  without  significant  time  delay,  demonstrating  the 
tremen<k>us  advantage  of  the  ECR  source  in  generating  low  energy  ions  at  high  density  by 
controlling  substrate  bias  and  microwave  power  independently.  The  '^^As'*'  intensity  increases 
more  abruptly  for  higher  IVdcl.  These  results  suggest  that  the  etching  initiation  is  not  at  issue,  but 
ratiter  die  complete  removal  of  the  surface  layer  such  as  native  oxide  and  hydrocarbons  so  that 
the  etch  rate  will  remain  constant  over  time.  Redeposition  of  etch  products  is  more  significant 
when  low  energy  ions  ate  used,  which  also  prevents  constant  etching  over  time.  The  results  for 
time  delay  during  the  etching  of  GaAs  are  summarized  in  Fig.  7.  The  induction  time  was 
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Fig.  9.  Samples  were  etched  with  conditions  shown  in  Hg.  1.  Fig9a)  shows  the  mass  spectra 
with  no  N2^2  addition.  Hg  9b)  shows  the  mass  spectra  with  N2^2  added  at  4/1  seem. 

independent  of  IVdcl.  and  remained  within  1  sec  over  the  range  of  10  to  100  V.  However,  the 
time  delay  to  reach  a  saturated  ^^As'*'  signal  decreased  with  increasing  IVdcl.  This  shows  the 
important  role  of  higher  IVdcl  in  obtaining  a  constant  etch  rate.  In  Fig.  8,  the  etch  rate  is 
observed  to  vary  significantly  as  a  function  of  total  etch  time  for  10  V  IVdcl-  The  time 
dependent  etch  rate  correspontL  to  the  time  delay  before  the  signal  reaches  saturation.  At 
higher  IVdcl,  the  time  delay  is  shorter  to  reach  a  constant  etch  rate.  For  samples  etched  at  100  V, 
the  etch  rate  remained  constant  at  135  nm/min  for  etch  times  >10  min. 

The  ejects  of  an  air  leak  were  simulated  in  real  time  by  monitoring  the  spectra  during 
GaAs  etching  with  N2  and  O2  introduced  into  the  chamber  in  a  4:1  ratio.  Bgures  9a)  and  9b) 
contrast  the  mass  spectra  obtained  with  and  without  N2/D2  addition.  For  N2/O2  constituting  15% 
of  the  total  flow  in  a  Cl2/Ar  plasma,  the  ^^As^  signal  decreased  by  95%  and  the  ’^^12'*'  signal 
decreased  by  40%.  The  correspon^g  measured  etch  rate  decreased  by  75%.  These  results 
suggest  that  the  presence  of  N2  and  O2  in  the  plasma  chamber  promotes  the  formation  of  a 
nitride  or  oxide  layer  which  inhibits  the  overall  etch  rate.  Reactions  in  the  gas  phase  between 
dissociated  chlorine  radicals  and  nitrogen  and  oxygen  radicals  may  also  deplete  the  concentration 
of  reactive  species  available  to  etch  the  samples.  These  results  indicate  that  mass  spectrometry 
is  sensitive  to  changes  in  chamber  conditions  such  as  air  lea^.  llierefore,  the  mass  spectnd 
signals  can  be  monitored  as  baselines  for  process  control. 


Summary 

Quadrupole  mass  siwctromeo^  has  been  used  to  monitor  changes  in  the  concentrations 
of  etch  products  and  reactive  species  due  to  corresponding  changes  in  etch  rate  and  plasma 
conditions.  The  intensity  of  the  monitored  '^^As'*'  si^al  has  been  observed  to  follow  etch  rate 
dependence  for  changes  in  microwave  power,  rf  power,  source  to  sample  distance,  temperature, 
and  pressure.  The  mass  spectrometer  measures  the  concentration  of  ions  as  well  as  neutral 
species,  and  is  therefore  not  sensitive  to  changes  in  the  ratio  of  ion  to  neutral  density  as  a 
function  of  operating  conditions.  The  self-induced  dc  bias  determines  the  etch  rate  dependence 
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on  etch  time.  With  IVdcl  as  low  as  10  V,  etching  is  initiated  immediately  at  10  sec,  but  it  takes 
up  to  4.S  min  to  teach  a  constant  etch  rate.  In-sm  monitoring  with  mass  spectnxneter  was  also 
used  to  examine  the  effects  of  a  simulated  air  leak.  The  signal  was  observed  to  decrease 
by  95%  following  the  addition  of  N2  and  O2  with  a  conesponding  75%  decrease  in  the  measured 
etch  rate. 


Acknowledgments 

The  authois  would  like  to  thank  K.  K.  Ko  and  K.  T.  Sung  for  technical  assistance.  This 
work  was  supported  by  die  Advanced  Research  Projects  Agency  under  contract  No.  F33615'92- 
C-5922. 

1.  R.  H.  Button,  C.  L.  HoUien,  L.  Marchut,  S.  M.  Abys,  G.  Smolinsky,  R.A.  Gottscho, 

J.  Appl.  Phys.  54  ,  6663  (1983). 

2.  K.  L.  Seaward,  N.  J.  MoU,  and  D.  J.  Ctoulman,  J.  AppL  Phys.  61, 2358  (1987). 

3.  A.  P.  Webb,  Semicond.  Sci.  TechnoL  2, 463  (1987). 

4.  T.  R.  Hayes,  M.  A.  Dreisbach,  P.M  Thomas,  W.  C.  Dautremcmt-Smith,  and 
L.  A.  Helmbtook,  J.  Vac.  Sci.  Technol.  B  7, 1130  (1989). 

5.  A.  P.  Webb,  Appl.  Surf.  Sci.  63. 70  (1993). 

6.  J.  Hopwood,  D.  K.  Reinhsrd,  and  J.  Asumussen,  J.  Vac.  Sci.  Technol.  B  9, 3521 
(1991). 

7.  S.  W.  Pang  and  K.K.  Ko,  J.  Vac.  ScL  Technol.  B  10, 2703  (1992). 

8.  S.  J.  Pearton  and  W.  S.  Hobson,  Semicond.  Sci.  Technol.  6, 948  (1987). 

9.  S.  W.  Pang,  K.  T.  Sung,  and  K.  K.  Ko,  J.  Vac.  Sci.  Technol.  B  10. 1 1 18  (1992). 


334 


AlGaAs  MICROELECTRONIC  DEVICE  PROCESSING  USING  AN 
As  CAPPING  LAYER 


J.K.  GREPSTAD,’  H.  HUSBY,**  R.W.  BERNSTEIN,*  and  B.-O.  FIMLAND* 

*Norwegian  Institute  of  Technology,  Dept,  of  Physical  Electronics,  N-7034Trondheim,  Norway 
’SINTEF-SI,  Dept,  of  Microelectronics,  N-0314  Oslo,  Norway 
^Present  address:  University  of  Toronto,  Dept,  of  Electrical  and  Computer  Engineering, 
Toronto,  Ontario,  M5S  1A4,  Canada 


ABSTRACT 

The  case  for  incorporating  an  arsenic  capping  layer  in  conqwund  semiconductor  device 
processing  has  been  investigated  with  x-ray  photoelectron  spectroscopy  (XPS),  low-energy 
electron  diffraction  (LEED)  and  scanning  electron  microscopy  (SEM).  llie  As  ct^  was  found 
to  be  stable  iqxm  exposure  to  common  processing  chemicals,  such  as  acetone,  photoresist, 
developer,  and  N-methyl-2-pyrrolidone,  a  common  polyimide  solvent.  A  clean,  c(4x4)- 
reconstructed  GaAs(001)  surface  was  recovered  after  thermal  desorption  of  the  cap  in  ultra-high 
vacuum,  for  a  sample  exposed  to  standard  (maskless)  photolithography.  We  also  r^rt  a  new 
technique  for  reactive  decapping  at  room  temperature,  using  a  beam  of  hydrogen  radicals  (H*). 
Pattern  deflnition  in  the  As  cap  with  ~  S  /im  linewidth  was  demonstrated,  using  this  technique. 
However,  XPS  and  SEM  data  for  the  H’-etched  qrecimens  showed  clear  evidence  of  superficial 
gallium  (sub)oxide  and  of  As  residues  along  the  photoresist  mask  edges.  This  novel  method  of 
As  cap  patterning  thus  needs  ftuther  refinement,  before  being  useful  to  m-V  device  processing. 


INTRODUCTION 

Throughout  the  history  of  semiconductor  development,  the  close  coupling  between  processing 
techniques  and  device  improvement  (and  invention)  has  time  and  again  been  demonstrated. 
Modern  crystal  growth  techniques,  such  as  molecular  beam  epitaxy  (MBE),  have  made  possible 
the  fabrication  of  high-speed  electronic  and  optoelectronic  devices  which  capitalize  on  the  power 
of  heterostructures.  ‘  Wten  exposed  to  atmosphere  or  handled  in  compliance  with  standard  MBE 
substrate  preparation  procedures,  AlGaAs  epilayers  inevitably  contract  superEcial  carbon  and 
oxygen  impurities.  Subsequent  MBE  overgrowth  on  such  surfaces  leads  to  free  carrier  depletion 
at  the  interface,  despite  thermal  cleaning  in  vacuum  prior  to  this  step.^-^  This  carrier  deletion 
contributes  a  high  series  resistance,  which  tends  to  impair  the  performance  of  devices.  Novel 
techniques  for  interrupting  the  MBE  growth  process  in  order  to  contact  or  modify  (buried) 
epilayers,  while  retaining  a  high-quality  gror^-interruption  interface,  ate  demanded.  Such 
developments  would  strongly  benefit  the  fabrication  of  present  and  new  heterostructure  devices. 

In  situ  condensation  of  an  As  capping  layer  has  been  found  to  provide  effective  protection 
of  compound  semiconductor  surfaces  against  ambient  contamination  for  periods  up  to  several 
months,*-*.  Moreover,  this  As  passivation  efficiently  suppresses  carrier  (^letion  at  interfaces 
of  suspended  MBE  growth.*-^  The  arsenic  cap  is  conveniently  desorbed  by  annealing  in  ultra- 
high  vacuum  (UHV)  environments  at  a  substrate  temperature  in  excess  of  some  3S0°C.  Clean, 
reconstructed  (Al)GaAs(001)  surfaces  may  now  be  routinely  prepared  in  this  manner.  Exploiting 
this  cap  for  surface  passivation  purposes  in  microelectronic  and  photonic  device  processing 
demands  a  suitable  technique  for  pattern  definition  in  the  condensed  As  layer.  Regrettably, 
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standard  {dtotolithography  does  not  lend  itself  readily  to  such  pattenung.  The  tenqterature 
required  for  thermal  As  desorption  leads  to  excessive  polymerization  of  {dxKoresist,  which 
re^rs  subsequent  removal  virtually  impossible.  The  problem  at  hand  may  be  solved  eidier  by 
using  a  different  mask  material,  which  tolerates  curing  at  temperatures  in  excess  of  3S0*C,  or 
by  inventing  a  procedure  for  decapping  at  reduced  temperature,  wifoout  degrading  die  quality 
of  the  regenerated  epilayer  surface. 

This  work  reports  a  detailed  study  on  foe  durability  of  foe  As  cap,  when  ejqwsed  to  the 
different  |footolithographic  processing  chemicals.  Moreover,  the  case  for  reactive  decapping  at 
reduced  temperature,  without  contaminating  or  disrupting  the  recovered  (Al)GaAs(001)  surfoce, 
was  examined.  Successful  patterning  of  the  As  c^  was  achieved  by  etching  in  a  beam  of 
hydrogen  radicals  at  room  temperature  (RT),  through  a  mask  of  positive  photoresist  on  foe 
capping  surface. 


EXPERIMENTAL 

Arsenic-capped  Al,Ga,.,As(001)  epilayers  (0<x<  1)  were  grown  on  n-type  GaAs  substrate 
in  a  Varian  Genii  Modular  MB&system.  Condensation  of  the  protective  arsenic  layer  was 
accomplished  by  allowing  the  wafer  to  cool  in  a  constant  flux  of  As2.  The  thickness  of  the  As 
cap  typically  varies  from  30  nm  to  3  pm,  dependent  on  the  substrate  temperature  (20-50‘’C)  at 
which  the  procedure  is  terminated.  Further  details  regarding  fois  capping  and  the  thermal 
decapping  can  be  found  elsewhere.’ 

Four  samples  were  cut  from  an  As-capped  wafer  and  exposed  ( — IS  min)  to  different  photo- 
lithogr^ihic  processing  chemicals,  i.e.,  positive  photoresist  (Ripley  1800),  develqter  (Shipley 
MF  312),  acetone  (foe  photoresist  solvent),  and  NMP  (N-mefoyl-2-pytrolidone,  a  common 
polyimide  solvent).  Photosensitive  polyimide  which  may  be  cured  at  tenq>eratures  up  to  450'’C, 
is  now  available  and  provides  an  alternative  to  photoresist  for  pattern  definition.  All  treatments 


Binding  Energy  [eV] 

Flg.l  Core-level  photoemission  spectra  of  As-ctq>ped  GaAs(001)  erqrosed  to  standard 
photolithography;  (A)  as-introduced  and  (B)  after  thennal  desorption  of  the  processed  cap. 
Spectra  (C)  ^ws  corresponding  data  taken  on  a  non-processed  reference  sanqrle. 
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were  tenmnated  with  a  rinse  in  deionized  water,  and  die  nampict  were  left  to  dry  in  air.  A  fifth 
samfde  was  exposed  to  complete  (maskless)  {dxMolitfaogrqihy,  including  curing  die  (diotMesist 
at  90*C  for  35  min  and  ei^osute  to  ultraviolet  (UV)  for  I'A  min. 

Different  Iqnlrogen  treminents,  incl.  aimealii^  in  1  atm.  H,  gas  and  exposure  to  hydrogen 
ions  and  hydrogen  radicals  (H*).  were  allenqimd,  to  dfe  case  for  reactive  As 

desorptkm  m  reduced  ten^ietature  (RT  to  350*C).  This  processing  took  {dace  in  a  Fisms 
BSCALAB  MUH  spectrometer.  "Reactive*  decapping  at  an  qipreciably  reduced  tenqierature  was 
achieved  with  hydrogen  radicals  only,  and  totdc  place  1^  formation  of  arsenic  hydrides, 
predominantly  A^3.  The  arsine  desorptkm  during  H*  etching  was  monhned  with  a  gfinHnipnii. 
mass  spectrometer  (Fisons  SX-200),  and  the  radical  beam  source  {Oxford  Applied  Research 
UPD20A)  was  turned  off  immediately  upon  observatkm  of  a  distinct  drop  in  tife  AsHs  partial 
pressure,  taken  to  indicale  conqilete  desorption  of  die  As  cap. 

In  situ  x-ay  photoelectnm  qiecaxMcopy  (XPS)  and  low  energy  electron  diffraction  (LEED) 
measurements  were  carried  out  for  chemical  and  structural  anatysis  of  the  MBE-grown  epilayer 
surfeces,  both  after  decapping  by  thermal  desorption  and  using  tiiis  novel  reactive  technique. 
The  spectra  shown  were  all  recorded  at  near-ncHinal  emission,  witii  A1  Ka  x-rays  and  an 
anatyw  pass  energy  of  20  eV,  vtiiich  yields  a  qiectral  resolution  of  - 1.0  eV  (FWHM). 


RESULTS  AND  DISCUSSION 


XPS  analysis  of  the  4  sanqiles  exposed  to  photoresist,  developer,  acetone  and  NMP  (N-2), 
respectively,  suggests  tiiat  the  As  cap  remains  intact  after  this  processing.  The  durability  of  the 
capping  is  verified  primarily  by  failure  to  observe  ai^  Ga  core-level  photoemission  fn^  these 
sanqiles.  The  measured  As  spectra  resemble  closely  that  recorded  from  As  capping  exposed 
to  atino^dtere,  only.  Two  qieclral  components  may  be  clearly  distinguished;  i.e.,  emission  fhmi 
A^*  of  a  thin  superficial  native  oxide  (AS2O3}  with  binding  energy  Eb= 1326.4  eV,  and  from 
As**  of  the  subsurface  elemental  As  cap  with  1323.S  eV.’  The  different  chemical  treatments 
qiparently  cause  no  dramatic  enhancement  of  the  As  cap  surfece  oxidation.  Maximum  As’^ 
core-level  peak  intensity  was  recorded  for  the  NMP-treated  sanqile,  for  which  the  superficial 
oxide  thickness  was  estimated  at  10-lsA.'  The  measured  C  Is  photoemission  and  spectral 
broadening  in  the  As  2pja  and  O  Is  data  of  the  chemically  trea^  samples  indicate  minute 
amounts  of  process-deriv^  residual  surface  impurities. 

Fig.l  shows  core-level  photoemission  spectra  of  the  sanqile  exposed  to  cranplete  (maskless) 
UV  Ihhogrtqihy;  (4)  as-imroduced  in  the  XPS  spectraneter,  and  (5)  after  thmmal  desorption 
of  the  processed  As  c^>  at  a  nraninal  temperature  of  450*0.  (Precise  calibration  of  the  sample 
surface  temperature  was  not  done  for  this  study.  Our  thermometer  measures  the  substrate  heater 
tenq)erature,  which  exceeds  that  of  the  sampte  by  some  50-100  degrees).  The  spectra  denoted 
(C)  show  corre^mnding  data  for  a  non-processed,  tiiermally  decapped  reference  sample.  From 
the  absence  of  Ga  Ip^^  (riiotoemission  in  Fig.la  {A),  we  infer  that  the  As  ciq)  remains  intact 
after  photolithographic  processing.  Effective  decapping  upon  subsequem  annealing  is  confirmed 
by  appearance  of  the  Ga  Ipm  spectrum  (0).  The  As  2p,;2  spectrum  (fi)  in  Fig.la  exhibits  a 
predominant  peak  at  Eb= 1322.9  eV,  shifted  with  respect  to  the  and  As"  emission  of  the 
caiqiing  surface  (A).  This  peak  is  attributed  to  covalently  bonded  arsenic  in  GaAs.’  I -RED 
andysis  of  the  dectqqied  sample  surface  unveils  a  GaAs(001)-c(4  x4)  surface  of  good  crystalline 
quality.  This  rectmstniction  is  characteristic  of  As-terminat^  GaAs(001)  with  an  ordered 
arrangement  of  chemisorbed  As-As  dimers.’’" 


Fig.2  SEM  images  of  a  patterned  As  cap  on  AlGaAs(001)  for  two  different  test  structures  (a-b), 
and  close-ups  of  tbe  capping  edge  before  (c)  and  after  (d)  removal  of  the  photoresist  mask. 


The  oxygen  and  carbon  core-level  spectra  displayed  in  Fig.  lb  show  noticeable  diminution  of 
surface  impurities  after  deca{^ing  (B).  Tbe  O  Is  emission  is  reduced  to  a  negligible  level  and 
compares  with  that  recorded  for  a  t»n-processed  reference  sartqrle  (Q.  The  emission  from 
resktual  carbon  contaminants  clearly  exceeds  that  of  tbe  reference  sample,  however.  Previous 
studies  have  established  that  ambient-derived  contaminants  desorb  entirely  upon  thermal 
decapping.^  Tbe  measured  C  Is  photoemission  in  (B)  may  thus  derive  from  the  lithographic 
processing.  By  peak  intensity  aiulysis,  we  fittd  that  die  surface  carbon  inqiurities  contribute  but 
a  minor  ftaction  of  a  monolayer.  This  explains  the  GaAs(001)-c(4x4)  LEED  pattern  observed 
on  the  theniudly  decr^iped  epilayer  surface. 


Pecapping  and  partem  definition  hv  H*  etching 


Reactive  desorption  of  the  As  cap  at  a  tenqierature  q^ireciably  lower  than  that  of  conven¬ 
tional  thermal  derorption  was  achieved  with  hydrogen  r^icals,  only.  Fig.2  shows  scanning 
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etoctron  nucrographs  of  a  patterned  As  cap  on  MBE-giown  AIGaAs(001),  fabricated  by  H* 
etching  at  ambient  tempaaluie  through  a  - 1  ^  thick  mask  of  photoresist.  Fig.2  displays  two 
different  test  structures  prqMued  in  this  manner  (u-b).  and  dose-ups  of  die  craping  ec^  befne 
(c)  and  after  (<f)  removal  of  die  jdiotoresist  mask.  Deqiile  die  presence  of  residual  arsenic, 
notai^al<M|gdieidiot(Mesist  mask  edges,  diese  micrographs  demonstrate  diat  reactive  patterning 
of  the  As  cap  is  feasible.  We  believe  that  the  residual  arsenic  in  unmasked  regkms  (excessive 
in  Fig. 2b)  can  be  attributed  to  inemature  termination  of  the  H*  exposure,  and  diat  inqiroved 
Ht»finitinn  of  the  pattern  edges  may  be  achieved  by  optimization  of  the  etching  time  and  the 
capping  and  photoresist  layer  thicknesses.  The  highly  irregular  edge  of  both  resist  and  caj^ing 
edge  in  Fig.2c-d  is  explained  by  poor  quality  of  the  mask  employed  for  UV  exposure. 

Fig. 3  shows  core-level  photoemission  spectra  of  an  (unmasked)  GaAs(001)  sample,  (A)  as 
uiuoduced,  and  {B)  after  deaqiping  at  RT  by  aggressive  etching  in  a  H*  beam  for  2  mins.  This 
etching  causes  complete  removal  of  the  As  ctq>,  as  inferred  frmn  the  measured  Ga  2pv2  photo- 
emission  and  a  shift  to  lower  binding  energy  of  die  As  2pv2  spectrum  by  0.5  eV.  Spectral 
broadening  of  the  As  levels,  ap(Mrent  in  the  reference  qiectium  (C)  of  Fig.  la,  was  not 
found  in  the  datt  from  this  H*-etched  GaAs  sample.  Con^arison  of  the  measured  peak  intensi¬ 
ties  for  the  (Sa  2^  and  As  2p]/2  core-levels  with  those  of  a  thermally  decapped  reference 
sample  suggests  a  moderate  surfece  arsenic  depletion. 

The  Ga  2pv]  spectrum  (R)  in  Fig.3a  comprises  a  minor  conqmnent  at  ^,=  1118.2  eV,  i.e., 
shifted  by  1.1  eV  from  the  bulk  GaAs  cote-level.  The  shifted  Ga  core-level  is  attributed  to 
surfece  oxide.  This  interpretation  is  corroborated  by  the  measured  O  Is  plectrum,  which 
exhibits  a  pronounced  asymmetry  in  Fig.3b  (R),  and  may  be  suitably  decompo^  two 
spectral  components.  The  predominant  O  Is  emission  is  shifted  from  that  of  the  native  surface 
Ga  oxide,  by  about  1.2  eV,  and  is  tentatively  attributed  to  physisorbed  HjO.  We  also  note  the 
presence  of  carbonaceous  impurities  on  the  H*-etched  epilayer  surface.  The  superficial  oxygen 
(incl.  H]0)  aiKl  carbon  contamination  presumably  derives  ftom  trace  amounts  of  gaseous 
impurites  in  the  H,  gas  supplied  to  the  radical  beam  source.  Like  hydrogen,  molecular  impurities 
such  as  COj  and  oxygen  will  dissociate,  and  thus  become  far  more  reactive,  when  passing 
through  this  source.  Moreover,  the  ^ipaient  depletion  of  As  tends  to  promote  oxidation  of  the 
(Al)GaAs  epilayer  surface.  Finally,  we  mention  diat  enhanced  contamination  in  the  presence  of 
atomic  hydrogen  (presumably  caused  by  exchange  reactions),  was  previously  reported  for 
cleaved  GaAs(110)  and  InP(110)  surfaces.'” 


1330  1323  1320  1124  1120  1116  1112  336  332  32t  290  283  2S0 


Binding  Energy  [eV] 

Flg.3  Core-level  photoemission  spectra  of  an  As-capped  GaAs((X)l)  sample;  (A)  as-introduced 
and  (R)  after  decking  at  RT  by  exposure  to  hydrogen  radicals. 
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LEED  analysis  of  the  iT-etdied  GaAs(001)  surface  showed  sharp  (1  x  1)  diffraction  qx>ts 
characteristic  of  an  cndered  crystalline  surface,  albeit  with  no  distinct  surface  reconstruction. 
This  finding  is  consistent  with  previous  data  of  Bringans  and  Bachrach,"  who  reported  die 
LEED  pattern  of  As-covered  GaAs(001)  to  shift  from  c(4  x4)  to  ( 1  x  1 )  upon  exposure  to  atomic 
hydrogen.  Exposure  to  atomic  hydrogen  has  proven  to  (novi^  effective  cleaning  of  GaAs  wafer 
surftKXS.*^-'^  Thus,  we  maitttain  diat  recovery  of  clean,  ordered  GaAs  epilayers  is  possible,  if 
process  gas  (H,)  of  sufficient  purity  is  siqiplied  to  die  radical  beam  source  and  great  care  is 
takoi  to  secure  clean  UHV  environments. 


CONCLUSION 

In  summary,  this  et^riment  shows  that  the  As  c^  is  durable  upon  eiqxisure  to  the  photo¬ 
chemicals  commonly  u^  in  device  fabrication.  Negligible  reduction  of  capping  duckness 
was  found  after  such  processing.  Reactive  desorption  of  the  protective  As  cap  was  achieved  by 
exposure  to  a  beam  of  hydrogen  radicals  at  ambient  temperature.  MBE-grown  GaAs(001) 
epilayer  surftaxs  recovered  using  this  technique  was  found  to  be  Ga-terminated,  with  trace 
amounts  of  superficial  gallium  oxide  and  carbon  impurities.  Patterning  of  the  As  cap  with  5  /un 
linewidtfa  was  demonstrated,  by  combining  H*  etching  with  standard  UV  lithography. 

Clearly,  further  process  refinement  is  needed  in  order  to  eliminate  arsenic  cap  residues,  seen 
(primarily)  along  die  patterned  cap  edges,  and  reduce  the  amoum  of  surface  oxygen  and  carbon 
impurities.  Moreover,  the  influence  of  H*  exposure  on  the  electrical  prr^rties  of  the  (Al)GaAs 
epilayer  demands  attention.  Inqilications  for  microelectronic  device  processing  and  suspended 
^E  gtowdi  on  patterned  epilayer  structures  thus  remain  to  be  ascertained. 
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OPTICAL  EMISSION  END-POINT  DETECTION  FOR  VIA  HOLE 
ETCHING  IN  InP  AND  GaAs  POWER  DEVICE  STRUCTURES 


S.  J.  PEARTON,  F.  REN.  C.  R.  ABERNATHY  AND  C.  CONSTANTINE* 
AT&T  Bell  Labcfatories,  Murray  Hill,  NJ  07974 
*nasina  Tbemi  IP,  St  Petersburg.  FL 


ABSTRACT 

Nanow  (-30  (im  via  holes  have  been  etched  in  both  InP  and  GaAs  substrates  using 
either  Cl2/CH4/H2/Ar  or  BCl3/a2  discharges,  respeedvely.  High  density  (-5x10**  cm”*), 
low  pressure  (1  mTorr  for  Cl2/CH4/H2/Ar  or  15  mToir  for  BCI3/CI2)  conditions,  combined 
with  sidewall  passivation  obtained  using  AZ  4620  photoresist  masks,  produce  the  correct  profiles 
for  subsequent  metallization  to  complete  the  via  connection.  Optical  emission  monitoring  of  the 
417.2  nm  Ga  line  during  GaAs  etching  or  of  the  32S.6  nm  In  line  during  InP  etching  provided  a 
sensitive,  non  invasive  and  reliable  indicator  of  endpoint  for  both  types  of  substrates.  The 
intensity  of  these  lines  was  proportional  to  the  microwave  input  power  at  fixed  dc  bias  and 
pressure.  The  via  holes  are  suitable  for  a  range  of  InP  and  GaAs  microwave  power  devices, 
including  Hetetojunction  Bipolar  Transistors  and  High  Electron  Mobility  Transistors. 

INTRODUCTION 


Monolithic  microwave  integrated  circuits  (MMlCs)  are  typically  fabricated  with  ni-V 
materials,  especially  GaAs,  and,  more  recently,  InP.  The  active  tenons  of  these  circuits  require 
creation  of  through-wafer,  front-to-back  electrical  connections.^ These  connections  are 
generally  created  by  patterning  thick  metal  pads  on  the  front  side  of  the  wafer,  and  thinning  the 
wafer  fi^  the  rear  to  a  thickness  of  7S-1(X)  |tm.  The  backside  is  then  patterned  with  a  thick 
photoresist  or  metal  mask  and  a  via  hole  is  dry  etched  into  the  wafer,  stopping  at  the  firont  side 
metal  pads.  Gold  is  then  plated  into  the  via  hole  producing  a  low  resistance,  fiont-to-back 
electrical  connection. 

Dry  etching  of  GaAs  at  rapid  rates  may  be  achieved  in  any  chlorine-containing  discharge, 
and  various  mixtures  of  CCI2F2,  BCI3,  SiCla  and  CI2  have  been  reported  tor  via  hole 
applications.^' By  contrast  it  is  more  difficult  to  achieve  high  etch  rates  for  InP  under 
anisotropic  conditions.  For  smooth,  shallow  mesa  etching  applications,  CH4/H2  plasmas  have 
proven  to  be  extremely  effective,  but  rates  of  2500 A  -  min~'  are  the  maximum  achievable 
under  normal  conditions.^^*'*''  Gas  mixtures  based  on  iodine  (I2,  HI,  CH3I)  can  provide  high 
etch  rates,  but  the  corrosiveness  and  instability  of  these  gases  are  disadvantages.'"''^'  The 
major  difficulty  in  obtaining  rapid  etching  is  the  relative  involatility  of  the  In-containing  etch 
products.  This  can  be  circumvented  by  using  CI2/CH4/H2  plasmas  with  the  sample  held  at 
elevated  temperature  to  enhance  the  volatility  of  tite  In-Cl,  species."^”'*'  The  role  of  the 
hydrogen  is  to  remove  P  as  PH3  from  the  InP,  while  the  GU  provides  a  sidewall  passivation 
mechanism  which  minimizes  undercutting  of  the  etched  features.  In  low  pressure  discharges 
such  as  the  Electron  Cyclotron  Resonance  (ECR)  plasmas  used  here,  Ar  is  usually  added  to  assist 
ignition  and  facilitate  tuning  of  the  forward  microwave  power."*'  Under  optimum  conditions,  it 
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is  possible  to  achieve  InP  etch  rates  of  21  pm  -  mm*’  using  CI2/CH4/H2  discharges.*'^’ 
These  rales  are  suitable  for  via  hole  applications  since  |»aciical  considerations  require  etch  times 
of  £  100  minutes. 

Anotlm  concern  during  via  hole  etching  is  real-time  endpoint  detection.  Since  the  effective 
etch  rates  may  vary  during  the  long  plasma  exposures  due  to  heating  of  the  wafer  or  the  fact  that 
etch  rales  may  decrease  as  the  hole  deepens,  because  it  it  more  difficult  for  the  etchant  £»«»«  10 
enter  and  for  the  etch  products  to  exit  the  feature.  Optical  emission  spectroscopy  (OES)  ffim 
electronically  excited  states  of  etch  products  is  an  effective,  non-invasive  method  fw  monitoring 
dry  etch  processes.*'*’  In  this  paper  we  report  on  the  use  of  OES  for  endpoint  detection  during 
dry  etching  of  via  holes  in  both  GaAs  and  InP  substrates  with  ECR  discharges.  In  particular  we 
use  the  417.2  atomic  emission  line  of  Ga  and  the  325.6  atomic  emission  line  of  In  as  signatures 
for  determining  the  end-point  of  the  etching. 

EXPERIMENTAL  PROCEDURE 


Tl^  GaAs  ai^  InP  substrates  were  patterned  on  the  front  face  with  e-beam  deposited 
Ti(500A)/Pt(1000AVAu(4000A).  The  back  side  of  the  wafers  was  lithographically  patterned 
with  a  IS  pm  thick  layer  of  AZ  4620  photoresist  which  was  post-baked  at  1S0°C  to  improve  its 
etch  resistance  and  produce  slightly  sloped  profiles.  The  latter  are  essential  for  the  final 
metallization  step  in  completing  the  via. 

The  dry  etching  was  carried  out  in  a  Plasma  Ihenn  Shuttlelock  720  system,*'*’  using  either 
a  6OBCI3/I5  Q2>  is  mTorr,  -130V  dc,  2S0W  (microwave)  discharge  for  GaAs,  or  a 
10  CI2/3  CH4/2O  H2/5  Ar,  2  mTorr,  -80V  dc,  750W  (microwave)  discharge  fw  InP.  The 
sample  temperatures  are  nominally  SO^C  for  GaAs  and  1S0°C  for  InP,  with  the  substrates 
thermally  bonded  by  high  vacuum  grease  to  the  temperature  controlled  cathode.  The  total  gas 
flow  rates  were  75  standard  cubic  centimeters  per  minute  (seem)  for  BCI3/CI2  and  38  seem  for 
Cl2/CH4/H2/Ar.  The  plasmas  were  excited  in  an  Applied  Science  and  Technology  ECR  source 
operating  at  2.45  GHz,  into  which  the  gases  were  introduced  through  electronic  mass  flow 
controllers.  The  sample  position  is  separately  powered  at  13.56  MHz  to  establish  the  dc  bias  on 
the  substrate. 

Optical  emission  spectroscopy  was  performed  with  a  Verity  Instruments  EP  200  DAS 
system  operating  in  the  range  185-900  nm.  The  system  consists  of  a  0.2m  scanning 
monochromaKn’  featuring  a  high  efficiency  ion  beam  etched  holographic  grating  and  a  folded 
cities  design  for  maximum  space  efficiency,  and  a  photomultiplier  tube  with  supporting 
electronics.  The  grating  slits  were  5  mm  high  x  100  pm  wide,  corresponding  to  a  bandpass  of 
0.4  nm.  The  scan  speed  was  set  at  100nm  -min~'  for  these  long  runs.  For  endpoint 
monitming,  the  intensity  of  the  Ga  atomic  line  at  417.2  nm  and  the  In  atomic  line  at  325.6  nm 
were  followed  as  a  function  of  the  etch  time. 

Following  completion  of  the  dry  etching,  some  of  the  vias  werg  metallized  from  th^  rear 
face  with  a  sequence  of  electroless  and  electroplating  processes  (1(X)0A  Pd,  5  pm  Au,  lOOOA  Pd) 
to  produce  low-resistance  front-to-back  electrical  connections.  Scanning  electron  microscopy 
(SEM)  was  used  to  monitOT  the  success  of  the  entire  process. 


342 


SIGNAL  STRENGTH  (arb.  units) 


RESULTS  AND  DISCUSSION 
(a)  GaAs  via  holes 


Repiesentative  OES  spectra  from  the  chlorine-based  plasmas  for  etching  GaAs  via  holes  are 
shown  in  Figure  1  to  illustrate  our  ability  to  detect  emission  lines  from  the  etch  products.  At  top 
is  a  BQ3/Q2  discharge  taken  with  no  GaAs  wafers  in  the  chamber.  There  is  a  continuum  from 
BClx  species  and  atomic  lines  due  to  chlorine  transitions.  Upon  introducing  GaAs  into  the 
chambn  (center)  one  immediately  sees  strong  Ga  lines  at  403.3  and  417.2  nm  and  a  GaCl  line  at 
338.3  nm.  Note  that  these  spectra  were  taken  through  a  quaru  window  on  the  chamber,  which 
cuts  off  emission  lines  below  -300  nm.  Under  higher  dc  bias  conditions  where  the  GaAs  etch 
rate  is  increased  (Figure  1,  bottom)  these  lines  become  more  intense.  Our  via  hole  etching  was 
petfcmnied  at  -  150V  dc  and  15  mTorr,  where  the  signal-to-noise  for  the  417.2  nm  line  was 
-10:1. 


WAVELENGTH  (nm)  003/02  diSChaTgC. 

Figure  1.  Emission  spectra  from  BO3/O2 
discharges  (top)  with  no  GaAs  in  the  chambo', 

(center)  with  GaAs  added  or  (bottom)  at  higher 
dc  bias  conditions  where  tne  GaAs  etch  rate 
is  higher. 
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Figure  2  shows  the  OES  signal  and  its  derivative  during  etching  of  vias  in  a  2"^  GaAs 
subsoate.  The  test  pattern  contains  -250  vias  over  the  wafer  area.  There  is  an  initial  slight 
increase  in  the  signal  intensity,  possibly  due  to  an  incubadon  time  as  native  oxide  is  removed 
from  the  surface,  followed  by  a  long  period  (-63  minutes)  where  the  intensity  is  constant.  This 
corresponds  to  the  steady-state  etching  of  the  via  holes.  The  emission  intensity  begins  to 
decrease  at  63  minutes  and  takes  -5  min  to  come  to  a  new  steady  state.  The  endpoint  of  the 
etching  can  be  mn  clearly  both  in  the  signal  itself  and  in  its  derivative,  which  is  generally  a 
more  seimtive  uuheator.  We  ascribe  the  5  minute  transition  period  to  the  uniformity  of  the 
etching,  in  this  case  -7%  (3/6«).  The  remnant  signal  after  endpoint  is  most  likely  due  to 
continued  erehing  of  the  unmasked  sections  at  the  edge  of  the  wafer  and  to  undercutting  of  the 
existing  via  holes.  Continued  etching  beyono  -68  minutes  would  lead  to  erosion  by  sputtering 
of  the  front-side  metal,  which  acts  the  etch-stop,  and  to  an  enlargement  of  the  via  holes. 

Examples  of  via  holes  etched  in  thick  GaAs  substrates  arc  shown  in  the  SEM  micrographs 
of  Figure  3.  Note  the  etching  is  quite  anisotropic  under  our  conditions,  and  is  very  unifoim  for 
vias  of  the  same  initial  diameter.  The  effect  of  slower  effective  etch  rates  for  smaller  diameter 
vias  IS  cle^y  illustrat^  at  the  bottom  of  Figure  3,  where  a  20  pm  0  via  has  etched  10-15%  (css 
deep  than  its  neighlMring  30  pm  0  via.  As  mentioned  earlier,  this  aspect-ratio  dependent  etching 
results  from  the  difficulty  in  getting  gaseous  etchants  into,  and  etch  products  out  of,  smaller 


Rgure  4.  Emission  spectrum  from  a 
CH4/H2/Ar  discharge. 


Figure  3.  SEM  micrographs  of  via  holes 
etched  into  thick  (500  pm)  GaAs  substrates 
using  BCI3/Q2  discharges. 
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(b)  InP  Via  Holes 


The  use  of  four  different  component  gases  in  the  mixture  for  etching  InP  produces  a 
complex  optical  emission  spectrum.  Figure  4  shows  the  emission  spectrum  from  a  CIi4/H2/Ar 
discharge  (the  CI2  was  left  out  in  this  case  for  clarity).  The  three  dominant  atomic  hydrogen 
lines  are  present,  including  the  major  Hy  line  at  6S6.2  nm,  together  with  a  molecular  hydrogen 
continuum  between  2SO-3SOnm  and  CH  emission  at  431.4  nm.^*^’  The  Ar  produces  a  large 
number  of  lines  between  7(X)>8(X)  nm.  Addition  of  InP  into  the  chamber  produced  four  new 
emission  lines  at  303.9,  32S.6,  410.2  and  451.1  nm,  but  we  could  not  detect  any  P-related  lines. 
For  2"<|)  InP  substrates  the  signal-to-noise  of  the  325.6  nm  line  was  -3:1,  the  highest  of  the  In 
atomic  emissions. 

Figure  5  shows  the  time  dependence  of  this  In  line  during  Cl2/CH4/H2/Ar  etching  of  InP 
via  holes.  In  this  case  there  is  a  more  obvious  initial  increase  in  the  signal  in  the  first  minute  of 
'tching,  presumably  due  to  the  need  to  remove  the  native  oxide  before  etching  commences.  The 
signal  shows  a  slight  increase  over  the  entire  duration  of  the  etch,  which  may  be  due  to  a  slow 
heating  of  the  wafer  under  these  low  pressure  (2  mTorr)  conditions  where  heat  transferred  to  the 
InP  through  ion  bombardment  and  chemical  reaction  on  the  surface  is  not  as  easily  radiated  away 
as  in  the  case  of  the  GaAs  etching  at  higher  pressure  (15  mTorr).  The  width  of  the  transition 
denoting  the  endpoint  is  also  slightly  larger  than  was  the  case  with  the  GaAs,  which  may  indicate 
slighdy  poorer  uniformity  for  this  etch. 


Figure  5.  Real-time  monitoring  by  OES 
of  the  In  325.6  nm  atomic  emission  line 
during  via  hole  etching  of  InP  in  a 
Cl2/CH4/H2/Ar  discharge. 


Figure  6.  Completed,  metallized  via  holes 
etched  in  an  InP  substrate  using  a 
CI2/CH4/H2  discharge. 
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An  array  of  closely-spaced  metallized  vias  etched  in  an  InP  substrate  ate  shown  in  the  SEM 
micrographs  of  Figure  6,  demonstrating  the  uniformity  of  the  process.  A  close-up  of  one  of  the 
vias  is  shown  in  the  micrograph  at  the  bottom  of  the  Figure.  The  plating  of  the  Au  around  the 
intericH’  of  the  via  is  uniform  and  conformal,  producing  an  excellent  low  resistance  connection. 
Note  that  this  substrate  was  7S  ^  thick  and  required  63  minutes  to  etch,  showing  that  averaged 
etch  rates  above  1  ^m  ■  min'*  are  maintained  with  the  Cl2/CH4/H2/Ar  chemistry  even  when 
fabricating  deep  holes.  There  is  a  particular  need  for  use  of  endpoint  detection  when  wafers 
with  varying  areas  are  being  piocesse^  since  the  loading  effect  can  alter  effective  etch  rates  by 
30%  or  mote. 

SUMMARY  AND  CONCLUSIONS 

Optical  emission  spectroscopy  is  an  effective,  non-invasive  and  accurate  technique  for 
monitoring  via  hole  etching  processes  in  GaAs  and  InP  substrates.  The  time  dependence  of 
emission  intensity  of  Ga  or  In  atomic  lines  yields  well-determined  endpoints  when  etching  small 
diameter  (30  ^m)  vias  in  either  type  of  substrate. 
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REACTIVE  SPUTTERING  IN 
OXmiZING/REDUCING  ATMOSPHERES 
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ABSTRACT 

Hie  deposition  of  thin  films  by  magnetron  sputtering  is  readily  influenced  by 
the  reduetiWoridation  characteristics  of  the  plasma.  Uiifortunately,  the  redox 
state  of  the  sputter  idasma  is  often  inadvertently  determinad  by  uncontrolled  fac¬ 
tors  such  as  transient  evolution  of  species  from  the  target.  Undesirable  variations 
in  film  and  target  properties  can  be  avoided  by  actively  setting  the  redox  conditions. 
This  is  most  readily  accomplished  by  including  two  competing  species,  one  oxidizing 
and  the  other  reducing,  in  the  «»liainhAr  gas  mixture.  Optical  emission  spectroscopy, 
an  in-aitu  process  monitor,  was  employed  to  observe  redox  interactions  in  nominally 
unreactive  dc  sputtering  (^YBCO  and  reactive  rf  sputtering  of  Ir02.  Optical  spec¬ 
troscopy  of  YBCO  sputtering  reveals  that  the  intensity  of  atomic  oxygen  emissions 
decreases  with  H,  additions  to  the  sputter  gas  blend. 

INTRODUCTION 

Water  vapor  additions  have  been  shown  to  be  usefiil  in  both  reactive  and 
unreactive  sputtering  of  electrically  active  oxides.  Sputter  deposition  of  in-aitu 
superconducting  YBCO  (YBaiCu307.  J  films  is  susceptible  to  a  variety  of  pit^ls.  If 
the  oxidation  state  of  the  target  dri^  with  time,  the  target  sur&ce  may  change 
from  metallic  to  semiconducting.  Investii^tors  have  observed  benefid^  effects  of 
HjO  [1]  or  Hj  [2,3]  additions  in  providing  spatially  and  temporally  stable  sputter 
conditions.  Ihe  generation  of  additional  atomic  oxygen  has  been  suggested  as  a 
possible  mechanism  [2].  Iridiiim  oxide  thin  films  are  employed  in  several  electro¬ 
chemical  applications  such  as  charge  iiyection  electrodes  for  neural  stimulation  and 
optical  switching  layers  in  electrochromic  devices.  The  electrochemical  properties  of 
iridium  oxide  are  quite  sensitive  to  deposition  conditions.  Traditionally,  a  "wet” 
process  using  water  additions  has  been  employed  to  obtain  the  desired  fflm  proper¬ 
ties  [4,5].  However,  the  development  of  a  "dry”  process  based  on  a  H2/O2  redox  envi¬ 
ronment  should  enhance  process  stability  and  extend  the  range  of  available 
properties.  Optical  emission  spectroscopy  has  been  shown  to  be  a  sensitive  in-aitu 
process  monitor  for  deposition  of  superconducting  [6],  ferroelectric  [7,8],  and  electro- 
chromic  [9]  thin  films.  Plasma  emission  spectroscopy  was  selected  as  a  means  of 
comparing  hydrogen  additions  to  unreactive  and  reactive  sputter  deposition  of  oxide 
thin  films. 

YBCO  SPUTTERING 

All  YBCO  sputter  runs  were  performed  in  a  Microsdence  IBEX-2000  deposi¬ 
tion  chamber  evacuated  by  a  diffusion  pump  backed  by  a  mechanical  pump.  The 
commercially  obtained  nominally  stoicMometric  5.1  cm  diameter  YBCO  target  was 
sputtered  from  a  narrow  anode  U.S.  Gun  II  planar  magnetron  at  a  pressure  of  200 
mTorr.  The  chamber  gas  was  set  by  a  blend  of  12  seem  Ar,  4  seem  62,  and  0  to  4 
seem  H2.  A  microprooessor-controlled  power  supply  maintained  a  power  of  80  watts 
regardless  of  target  potential.  The  acquisition  of  TOCO  emission  spectra  was  foc^- 
tated  by  a  vacuum  feed-throu|di  fiber  optic  cable,  an  Acton  Research  Spectra-Pro 
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275  spectrograph,  and  an  EG&G  Princeton  Applied  Research  1460/1463  diode  array 
spectroplMhuneter.  The  coUiniator  fitted  to  the  collection  end  of  the  fiber  optic  cable 
allowed  light  collection  firom  the  entire  sputter  plasma. 

Three  spedea  were  deemed  essential  to  the  ezaminatioa  <d' the  redox 
environment  Atomic  hydrogen  was  monitored  by  the  666.3  nm  H I  peak  [10]. 
Atomic  oiQrgen  exhibits  one  readily  observable  pi^,  the  777  nm  O I  multiline  peak. 
Since  the  sputter  plasma  in  an  O^I|  is  in  many  ways  a  hydrogen  flame,  one  would 
expect  the  qpectral  details  similar  to  those  observed  in  flame  spectroscopy.  In  par¬ 
ticular,  the  306.4  nm  molecular  OH  4^-xTl  band  system  [11]  was  evident  when¬ 
ever  both  0|  and  H|  were  present.  Peaks  associated  with  cation  species  were  also 
observed  but  are  not  considered  here. 

As  expected  from  metallurgical  thermodynamics,  hydrogen  and  oxygen  were 
found  to  ae^  a  competitive  redox  balance.  The  response  of  the  0  1  777  nm  and  H I 
656.3  nm  emission  peaks  to  flow  rates  is  shown  in  Figure  1.  The  noted  emission 
intensities  were  obtained  by  integrating  the  chosen  emission  peaks  with  respect  to 
wavelength  and  normalizing  according  to  detector  exposure  time.  As  expected, 
atomic  hydrogen  emissions  increased  as  the  Hj  flow  was  increased.  As  might  be 
expected  for  the  simple  chemical  reasoning,  atomic  oxygen  emissions  decreased  as 
the  hydrogen  flow  rate  rose.  Although  the  sputter  plasma  cannot  be  assumed  to 
obtain  an  equilibrium  condition,  the  observed  trend  is  that  which  would  be  pre¬ 
dicted  by  metallurgical  thermodynamics.  That  is,  any  increase  in  hydrogen  content 
would  be  accompanied  by  a  decrease  in  oxygen  content. 
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Fig.  1.  TTw  response  of  the  0 1 777  nm  and  H 1 656.3  nm  emission  peaks 
as  a  flinction  of  Hg  flow  in  YBCO  dc  sputtering.  The  indicated  Hj  flow 
was  in  addition  to  12  seem  Ar  and  4  seem  Og. 

From  the  hydrogen  flame  analogy,  both  hydrogen  and  oiygen  must  be  consid¬ 
ered  chemically  as  reactants.  The  intent  of  optical  enussion  spectroscopy  is  tn-situ 
observation  of  the  reaction  in  the  sputter  plasma.  Reactions  within  the  plasma  are 
best  discussed  by  the  interplay  of  plasma  variables.  Those  available  here  are  the 
integrated  emission  intensities  of  H,  O,  and  OH.  Shown  in  Figure  2  are  the  intensi- 


ties  of  the  atomic  O  and  oiolecular  OH  peaks  as  a  function  of  atomic  H  emission 
intensity.  As  apparent  from  Figure  1,  &e  O  intensity  drops  as  the  H  intennty  rises. 
Moreover,  the  flmctional  relationship  was  linear  for  non-zero  flows.  On  the  porod- 

uct  rids  of  the  dienrical  reaction,  OH  intensity  rose  as  H  intensity  increased,  lie 
experimental  data  suggest  two  Unear  H-OH  regimeB  having  sli^tly  dififoient 
sltyMS.  To  the  extent  that  (^tical  emission  indicates  the  reaction  environment 
within  the  qmtter  idasma,  it  is  obvious  that  t^  oxidation  characteristics  tiie 
plasma  can  be  precisely  tailored  by  adiusting  the  hydrogen  gas  flow.  YBCO  filma 
having  zero-reristanoe  T.  a  as  hiid^  as  87  K  have  bem  deposited  atop  CeOfCoated 
sapphLre  from  Ar/H/Oi  plasmas. 


Fig.  2.  YBCO  dc  sputter  conditions  shown  in  (a)  H-O  and  (b)  H-OH 
emission  intensity  spaces. 
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bO.  SPUTTERING 

Oxide  film  depocition  fimn  a  metal  target  providea  an  interesting  oontrast  to 
oxide  target  sputtering.  Elimination  af  the  target  as  an  oxygen  source  places  almost 
total  contarol  of  plasma  redox  conditions  in  the  chamber  gas  blend.  All  IzOt  qnitter 
runs  were  performed  in  a  Microscienee  IBEIX-2000  depoeitum  chamber  evacuated  by 
a  eryopump  after  rouj^ung  by  a  mecfaaniea]  pump.  eanmerdaUy  obtained  6J36 
cm  diameter  Ir  metal  target  was  sputtered  fimn  an  Ion  Tedi,  Ltd.  pbmar  magne¬ 
tron  source  at  a  pressure  of  40  mTorr.  llie  chamber  gas  was  fed  by  a  blend  ol  15 
seem  Ar,  6-11  seem  Oi,  and  6  to  10  seem  Hj.  A  rf  power  supply  ap^ied  62.5  watts  at 
each  sputter  condition.  Tbe  acquisition  of  plasma  mmssion  spectra  was  fodlitated 
by  the  same  fiber  optic  cable,  spectn^^ph,  and  detector  setup  described  above. 
However,  li^t  collection  was  accomi^shed  through  an  externally  mounted  cdlima- 
tor  viewing  the  plasma  through  a  quartz  window. 

One  intent  of  the  experiment  was  the  definition  of  a  "dry”  process  to  supple¬ 
ment  or  reidace  the  HiO-based  deposition  protocol  previously  employed.  Toward 
these  ends,  the  twelve  deposition  conditions  shown  in  Figure  3  were  selected  to 
reveal  the  effects  of  arid  Oj  flow  variations.  The  emission  characteristics  of  the 
reactive  sputter  {dasma  are  simpler  and  more  dramatic  than  might  be  anticipated. 
The  intensity  of  the  atomic  O  pedc  as  a  fiinction  of  atomic  H  emission  intensity  is 
shown  in  Figure  4a.  All  twelve  deposition  conditions  fall  on  either  of  two  lines  in 
H-O  emission  space.  The  nearly  vertical  line  defines  a  redox  path  in  which  O  emis¬ 
sion  drops  rapi^y  with  respect  to  increasing  H  intensity.  The  horizontal  line  repre¬ 
sents  significant  variations  in  H  intensity  with  low  0  emission.  The  most  important 
implication  is  that  the  redox  characteristics  are  set  by  a  tradeoff  between  Hj  and  O, 
flows.  Each  of  the  three  flows  has  points  on  both  lines.  The  implication  is  that 

similar  plasma  redox  characteristics  can  be  obtained  by  many  different  flow  comla- 
nations. 


E 

o 

o 

(0 

c3 

O 


Ir02  gas  flow 

'  F 

1  ' 

► 

Conditions  , 

b1 

'  F' 

j' 

■ 

c 

'  g' 

k' 

- 

D 

H 

L 

■ 

+  1  5  seem  Ar 

0  ^  ‘  ‘  -  *  *  -  ‘  ^ 

0  2  4  6  8  10  12 


H2,  seem 


Fig.  3.  The  twelve  Ar/H,/Ot  gas  flow  conditions  used  to  rf  sputter  an  Ir 
metal  target 
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Fig.  4.  Reactive  IrOj  sputter  conditions  are  shown  in  (a)  H-0  and 
(b)  H-0>0H  emission  intensity  spaces. 

A  three-dimensional  plot  of  the  twelve  IiOs  flow  conditions  in  H-O-OH  emis¬ 
sion  space  is  shown  in  Figure  4b.  For  convenience,  the  run  conditions  correspond¬ 
ing  to  the  comer  points  of  the  Ar/H/Oj  flow  matrix  are  noted  by  letters  defin^  in 
Rgure  3.  Recalling  that  the  H-0  emission  idot  shown  in  Figure  4a  is  a 
2-dimeneional  pngection  of  H-O-OH  emission  space,  the  ad&tional  implications  ren¬ 
dered  by  Figure  4b  are  in  the  area  of  OH  emissions.  As  in  the  case  of  YBCO, 
increasing  the  H^  flow  tends  to  increase  OH  emissions.  However,  increasing  the  Oi 
flow  tends  to  dimmish  OH  intensity.  That  is,  within  the  run  conations  considered 
Oj  and  H|  additions  oppose  each  other  with  respect  to  OH  emissions.  However, 
these  trends  cannot  be  extrapolated  witlmut  lii^t  Tbe  complete  absence  of  O^  flow 
would  correspond  to  sputtering  an  Ir  metal  target  in  an  Ar/)^  environment  Under 
sudi  conditions,  OH  emissions  must  be  ne^igible. 

Ar/HaA>a  plasmas  have  been  employed  to  deposit  electrochemically  active  IrOj 
films.  Electr^emical  cyding  of  such  filma  in  sulfuric  add  provided  reversiUe 
modulation  between  52%  and  87%  transmittance  in  the  visible. 
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CONCLUSION 

Optical  wniaaian  apeetroacopy  waa  found  to  be  a  aoiaitive  in-aitu  mmitor  of 
the  raducthwifaiidatien  diaracteiiatica  of  Ai/O,^  aputter  environmenta.  Theqmi- 
ter  plaaaaaa  eahiWtad  q)ectral  Aaracteriatica  aimilar  to  thoae  encountered  in  hydro- 
ten  flame  vectroao^.  Optical  qwetnacc^  of  YBCO  dc  macnetron  aputtering 
indicatad  that  Ha  adfituma  reduced  atomic  oxygen  emiaaions  and  inercawed  OH 
emiaaioDa.  FeaentiaHy  linear  relatioaahipa  were  found  between  O  and  OH  emiaaion 
intanaityaaaflinctionofH«niaaionintmuity.  Reactive  rf  aputtering  <rf' an  Ir  metal 
target  in  an  Ai/O^Hi  oivironment  waa  perfiBrmed  at  twelve  diatinet  Hj-Oa  flow 
comhinatiana.  run  conditkm  Hea  rimag  <me  of  two  linea  in  0-H  emiaaon  inten- 

aityqiaoe.  In  the  range  Ai/O^a  eumined,  inereaaing  Ha  flow  reduced 
atomic  oxygen  emiaaiona  and  increaaed  molecular  OH  emiaaiona.  Increaaing  Oa  flow 
reduced  Ix^  atimik  hydrogen  and  OH  emiaaiona. 

Two  aigniflcant  benefita  are  attributed  to  aputtering  in  an  H/Oa  redox  environ¬ 
ment  Pint  the  controlled  preaenoe  of  the  two  eaamttially  competing  gaa  qiedea 
can  overwhdm  tranaient  evoluti<m  of  water  vapor  or  oxygen  from  the  target 
Therefore,  the  IVOa  redox  balance  can  unambiguoualy  aet  the  oxidation  atate  of  the 
flutter  target  aiufrice.  Second,  the  propertiea  the  dispoaited  film  may  dqpmid  aen- 

aitively  on  ita  oxidation  atate.  Particularly  in  the  caae  ^  reactive  aputtering,  the 
electronie  and  deetrodiemieal  propertiea  of  filma  can  be  varied  throu^  a  wide 
range  by  adiuating  the  redox  characteriatics  of  the  aputter  plaama. 
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IN  SrrV  SUBSTRATE  TEMPERATURE  MEASUREMENT  DURING  MBE 
BY  BAND-EDGE  REFLECTION  SPECTROSCOPY 
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ABSTRACT 

The  use  of  band-edge  reflection  spectroscopy  (BRS)  to  determine  the  substrate  temperature 
during  NWE  is  review^.  Data  are  presented  for  Si.  GaAs,  InP  and  CdZnTe  substrates,  and  the 
use  of  BRS  during  the  growth  of  ZnTe  on  Si  is  demonstrated.  We  discuss  complications  that 
arise  due  to  optical  interference  in  the  epitaxial  layers,  and  methods  to  compensate  for  the  effects 
oi  interference  are  described. 


INTRODUCTION 

Measurement  of  the  actual  substrate  tempmture  during  MBE  is  crucial  for  achieving  epitaxial 
layers  of  the  highest  possible  quality  and  with  maximum  control  over  doping  proEles  and  layer 
compositions.  One  promising  method  for  temperature  measurement  is  to  sense  the  change  in  the 
substrate  bandgap  by  optic^  spectroscopic  measurements  sensitive  to  the  absorption  edge. 
Heilman  and  Harris  [1]  showed  that  transmission  spectroscopy  could  be  used  during  MBE  to 
monitor  the  bandgap  energy  of  GaAs  and  hence  to  determine  the  substrate  temperature  from  the 
previously  establisIwKl  relationship  between  bandgap  and  temperature  [2,3].  This  technique  was 
further  d^eloped  by  Powell  and  Kirillov  [41  who  showed  that  a  step-like  change  occurs  in  both 
transmission  and  reflection  ^icctra  at  photon  energies  near  the  bandgap,  and  that  the  wavelength 
position  of  this  step  can  be  used  to  determine  the  temperature.  Adel  et  al.  [5]  extended  the 
reflection  method  to  Si  and  discussed  complications  due  to  the  presence  of  transparent  dielecuic 
films  on  the  back  side  of  the  wafer.  A  variant  of  the  reflection  method  which  uses  diffuse  rather 
than  specular  reflectivity  has  also  been  demonstrated  [6,7]. 

Wl^e  all  of  the  methods  mentioned  above  woik  well  for  bare  substrates,  and  therefore  are 
apprqniate  for  determining  the  substrate  temperature  prior  to  growth,  the  deposition  of  epitaxial 
films  introduces  optical  interference  effects  which  can  distort  the  measured  spectrum  and 
complicate  the  extraction  of  temperature  from  the  band-edge  data.  These  effects  are  strongest 
when  the  Olms  are  smooth  and  uniform  in  thickness,  precisely  the  conditions  that  MBE  strives  to 
achieve,  and  are  more  prevalent  in  reflection  than  in  transmission  spectra.  In  order  to  realize  the 
full  potential  of  band-edge  reflection  spectroscopy  far  substrate  temperature  measurement  during 
MBE,  it  is  desirable  to  characterize  the  effects  of  interference  and  to  develop  methods  for 
correcting  the  errors  that  such  effects  introduce  into  the  temperature  determination. 

In  this  paper  we  explore  the  use  of  band-edge  reflection  spectroscopy  (BRS)  to  determine  the 
substrate  temperature  under  actual  MBE  growth  conditions.  We  show  that  the  reflectance 
technique  woiks  well  for  both  direct-gw  and  indirect  gap  semiconductors,  and  is  applicable  over 
a  wide  range  of  temperatures,  from  2(rC  to  over  700°C.  We  illustrate  the  problems  that  arise 
due  to  interference  effects  in  reflection  measurements  made  from  the  front  and  back  sides  of  the 
substrate,  and  suggest  methods  to  compensate  for  such  effects. 


EXPERIMENTAL 

Reflectivity  measurements  were  made  using  commercially  available  hardware  and  software 
(Model  NTMl,  from  Q  Systems,  Inc.,  Agoura  Hills,  CA),  with  additional  optical  components  to 
intoface  with  the  sample  manipulatOT  in  a  Vacuum  Generators  V80H  MBE  system.  For  BRS 
measurements,  chopp^  white  light  from  a  lOW  lamp  is  directed  onto  the  substrate  and  the 
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specularly  reflected  light  is  collected  and  analyzed  with  a  fast-scan  grating  monochiomator  and  a 
lock-in  amplifier  dete^on  system.  A  bifurca^  fiber  bundle  permits  the  same  optical  system  to 
be  used  both  for  the  delivery  of  white  light  to  the  sample  and  for  the  routing  of  reflectnl  light  to 
the  entrance  aperture  of  the  monochromator.  For  front-side  reflectance  measurentents,  the 
incident  light  is  imaged  onto  the  substrate  wafer  using  a  lens  located  just  outside  a  normal- 
incidence  optical  viewpmt  (i.e.,  the  usual  pyrometer  port).  For  back-side  measurements,  a  quartz 
light  pipe  and  flexible  optical  fiber  system  are  used  to  deliver  light  to  the  back  of  die  wafer. 
With  this  apparatus  it  is  also  straightforward  to  acquire  transmission  data  by  directing  die 
incident  light  onto  the  substrate  with  a  lens  and  collecting  the  transmitted  light  with  the  quartz 
light  pipe  located  behind  the  wafer.  For  either  reflectivity  or  transmission  nwasurements,  a 
complete  spectrum  covering  the  wavelength  range  from  600-1800nm  is  acquired  and  the  data  ate 
digitized  ai^  processed  to  extract  a  temperature  at  a  rate  of  once  per  second. 


RESULTS 

Figure  1  shows  reflectivity  data  taken  at  room  temperature  fiom  four  comnnon  semiconductor 
substrates:  Si,  GaAs,  InP  and  Cd.96Zn.04Te.  In  each  case  there  is  a  large  step  in  the  reflectivity  at 
a  wavelength  close  to  the  room  temperature  bandgap.  Even  though  Si  has  an  indirect  gap,  its 
reflection  step  is  only  slighdy  less  abrupt  than  those  of  the  direct  gap  materials. 
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Figure!.  Room  temperature 
reflectivity  spectra  fiom  Si, 
GaAs,  InP  and  CdZnTe. 


The  observed  reflectivity  step  arises  from  the  fact  that  for  photon  energies  above  die  bandgap, 
where  optical  absorption  is  strong,  only  the  first  surface  reflectance  contributes  to  the  overall 
signal.  Below  the  absorption  edge,  however,  some  light  propagates  through  the  wafer  and  is 
reflected  from  the  other  side,  and  thus  adds  to  the  light  reflect^  from  the  first  surface.  Because 
diis  second  component  of  reflected  light  has  traversed  the  substrate  twice,  its  intensity  varies 
exponentially  with  the  absorption  coefficient.  This  results  in  a  sharp  step  in  the  net  reflectivity 
near  the  semiconductor  bandgap,  where  the  absorption  coefficient  undergoes  a  large  change. 

The  temperature  dependence  of  the  reflectivity  is  contained  primarily  in  the  absorption 
coefficient,  the  wavelength  dependence  of  which  tracks  the  decrease  in  the  tandgap  energy  with 
increasing  temperature.  Figure  2  presents  experimental  reflectivity  data  taken  at  20°C  intervals, 
for  GaAs  and  Si.  It  can  be  seen  that  the  position  of  the  reflection  step  shifts  to  longer 
wavelengths  as  the  temperature  is  increased.  In  addition,  a  slight  increase  in  the  first-surface 
reflectance  is  also  observed  due  to  an  increase  in  the  real  part  of  the  index  of  refraction  with 
temperature.  At  high  temperatures,  free-carrier  absorption  causes  the  magnitude  of  the 
reflectance  step  to  decrease,  and  eventually  to  disappear  altogether.  With  Si  this  occurs  at  about 
tiSIf’C,  and  fm  GaAs  the  limit  is  over  800°C.  For  materials  with  smaller  bandgaps,  the  onset  of 
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£ree-cairier  absnption  occurs  at  lower  temperatures,  and  this  limits  the  utility  of  band-edge 
spectroscopy  for  snudl  gap  substrates  such  as  GaSb  and  InAs.  for  example.  I^ee-catrier 
absorption  a^  makes  the  technique  not  usable  for  heavily-doped  Si  substrates,  which  are  opaque 
at  the  band  edge  even  at  room  temperature. 


Figure  2.  Reflectivity  spectra  for  Si  and  GaAs,  reemded  at  2QPC  intervals. 


Reflectivity  spectra  have  been  acquired  as  a  function  of  temperature  for  bare  substrates  of  Si, 
GaAs,  InP.  and  Cd21nTe.  In  each  case,  data  were  taken  with  the  specimen  mounted  in  conductive 
contact  with  a  resistively  heated  metal  block,  in  which  was  embedded  a  thermocouple  used  to 
measure  the  block  temperature.  Figure  3  summarizes  these  measurements  in  terms  of  the 
wavelength  position  of  the  reflectivity  step  versus  the  temperature  measured  by  the  embedded 
thermocouple.  It  can  be  seen  from  this  plot  that  with  increasing  temperature  the  reflectance  step 
shifts  monotonically  to  longer  wavelength,  with  a  slope  of  approximately  0.4-0.5nm/°C.  It  is 
important  to  note  that  each  of  these  curves  applies  to  a  wafer  of  a  sp«;ific  thickness,  and  for  a 
given  temperature  the  location  of  the  reflectivity  step  shifts  to  shorter  wavelengths  fcM-  thinner 
specimens.  In  principle,  the  thickness  dependence  can  be  taken  into  account  an^ytically,  and  if 
the  thickness  change  is  small,  a  constant  temperature  offset  is  adequate  to  correct  for  thickness 
variations  between  wafers. 
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Figures.  Temperature  depen¬ 
dence  of  the  reflection  step 
wavelength  for  Si,  InP,  GaAs 
andCdZnTe. 


Other  factors,  such  as  the  alloy  concentration  in  the  case  of  ternary  alloy  substrates  such  as 
CdZnTe,  and  dicing  concentration  in  the  case  of  III-V's,  can  also  affect  the  temperature 
calibration.  To  account  for  these  factors,  the  most  reliable  procedure  is  to  accumulate  separate 
calibration  spectra  for  each  type  of  substrate.  If  this  is  done,  the  temperature  accuracy  achievable 
on  a  bare  substrate  in  the  MBE  chamber  is  approximately  ±2°C,  limited  primarily  by  the 
tenqterature  accuracy  of  the  ex  situ  calibration  data.  During  growth  the  accuracy  may  be  further 
degraded  by  int^erence  effects,  as  discussed  below. 

Tbe  band-edge  reflectance  step  is  largest  for  wafers  polished  on  both  sides.  However,  single- 
polished  wafers  can  also  be  used  if  the  incident  light  strikes  the  rough  (i.e.,  the  back)  surface 
first  Figure  4  shows  reflectivity  spectra  for  single-polished  Si  and  GaAs,  and  it  is  clear  from  the 
figure  that  even  though  the  total  r^ectance  is  reducnl.  the  band-edge  step  is  quite  apparent,  and 
can  readily  be  used  to  determine  the  temperature  with  only  a  slight  loss  of  accuracy. 
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Figure  4.  Reflection  spectra 
for  single-polished  wafers  of 
GaAs  and  Si  at  20°C.  Light 
incident  on  the  tough  (back) 
side. 


Band-edge  reflection  spectroscopy  measurements  have  been  used  to  monitor  the  temperature 
of  a  radiantly-heated,  3-inch  diameter  Si  wafer  during  a  heating  program  similar  to  that  typically 
used  for  in  situ  substrate  cleaning  and  subsequent  growth  of  ZnTe  and  CdTe  epitaxial  layers. 
Figure  S  compares  the  temperature  determined  by  the  BRS  technique  with  the  readings  of  a 
thermocouple  placed  in  conductive  contact  with  the  substrate  heater.  (In  these  experiments,  the 
thomocouple  signal  was  used  for  closed-loop  control  of  the  heater  temperature.) 


Figure  5.  Temperature  measurements  made  in  situ  on  a  Si  wafer  in  the  MBE  chamber; 

a)  comparison  of  substrate  temperature  determined  by  BRS  and  the 
indications  of  a  thermocouple  attached  to  the  heater,  b)  expanded  view  of 
the  segment  from  8,300  to  10,300  sec. 
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These  data  show  that  BRS  allows  the  true  substrate  temperature  to  be  demimined  over  a 
wide  tenqierature  range.  Figure  Sb  shows  an  expanded  view  of  a  portion  of  the  temperature 
curve  to  indicate  the  magnitude  of  short-term  fluctuations  in  the  substrate  tem|Krature. 
Excursions  of  less  than  ±1**  are  observed  over  a  dme  period  of  2000  seconds.  It  can  also  be 
seen  from  the  data  diat  the  dynamic  response  of  the  substrate  wafer  is  quite  different  from 
that  of  the  thermocouple,  particularly  at  temperatures  below  300°C  where  the  wafer 
temperature  takes  several  thousand  seconds  to  reach  steady  state. 

As  mentionnl  above,  the  determination  of  substrate  temperature  from  BRS  measurements 
made  on  bare  wafers  is  straightforward.  During  growth  of  epitaxial  layers,  however,  optical 
interference  effects  distort  the  reflection  spectra.  These  effects  are  most  evident  when 
reftectivity  measurements  are  made  from  the  front  side  of  the  wafer.  Figure  6  illustrates  this 
problem  for  the  case  of  2:nTe  growth  on  Si,  where  reflectivity  spectra  were  recorded  at  5 
sec.  intervtds  during  the  growth,  corresponding  to  20A  thickness  increments.  Interference 
Cringes  are  seen  on  both  sides  of  the  bwd-edge  step,  and  although  it  is  not  obvious  in  the 
figure,  the  waveleng^  at  which  the  step  occurs  is  observed  to  oscillate  as  the  flim  thickness 
increases,  producing  an  apparent  oscillation  in  the  calculated  temperature.  For  the 
conditions  shown,  these  oscillations  are  on  the  order  of  15°C,  but  for  thicker  ZnTe  layers, 
the  excursions  can  teach  ±20°C. 
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Figure  6.  Reflectivity  data  taken  during  the  growth  of  ZnTe  on 
Si  at  175®C.  Spectra  were  record^  every  5  seconds,  and 
the  growth  rate  was  4A/s.  The  ZnTe  thickness  is 
approximately  2000A  for  these  data. 


There  are  several  ways  to  correct  for  interference  effects  in  order  to  recover  the  true 
temperature  of  the  substrate.  We  have  found  that  by  applying  a  simple  optical  model, 
interference  structure  can  be  deconvolved  from  the  reflectivity  data  in  real  time,  and 
spurious  temperature  oscillations  can  be  limited  to  less  than  ±S°C  for  ZnTe  growth  on  Si.  A 
more  effective  tqtproach  is  to  make  the  reflectivity  measurements  from  the  back  side  of  the 
substrate.  In  this  measurement  geometry  interference  effects  are  much  more  manageable,  as 
can  be  seen  from  the  data  in  Figure  7.  Here  we  compare  the  back-side  reflectivity  spectrum 
of  a  sample  containing  epitaxial  layers  of  ZnTe  and  CdZnTe  grown  on  a  Si  substrate  with 
the  spectrum  taken  from  the  bare  Si  substrate  prior  to  growth.  Interference  oscillations 
appear  only  on  the  long-wavelength  side  of  the  reflection  step  and  their  amplitude  is  rapidly 
attenuated  in  the  vicinity  of  the  step  itself.  Consequently  the  position  of  the  band-edge  step 
can  be  determined  with  good  accuracy  from  the  portion  of  the  data  where  the  reflectivity 
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just  begins  to  rise  above  the  first-surface  value  (i.e.,  the  short-wavelength  side).  This 
procedure  yields  temperatures  that  deviate  by  no  more  than  ±2°C  from  those  determined  in 
the  absence  of  the  epitaxial  layer. 


Figure  7.  Back-side  reflectivity  spectra  for  a  sample 
consisting  of  epitaxial  layers  of  ZnTe  and  CdZnTe 
grown  on  Si  by  MBE,  compared  to  the  bare  Si 
substrate.  Data  taken  at  20°C 
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ABSTRACT 

Single  photon  laser  ionization  time-of-flight  mass  spectroscopy  (SPl-TOFMS)  is  used  to 
monitor  the  gaseous  fluxes  of  Ga  and  As„,  during  molecular  beam  epitaxy  of  GaAs.  This 
noninvasive  and  real-time  probe  measures  densities,  and  hence  fluxes,  of  multiple  chemical  species 
impinging  on  or  scattered  from  a  subsuate  during  conventional  MBE.  With  single  photon 
ionization  at  1 18  nm  (10.5  eV,  ninth  harmonic  of  NdiYAG  laser),  the  photon  energy  is  large 
enough  to  ionize  the  species ,  but  insufficient  to  both  ionize  and  fragment.  The  lack  of  molecular 
dissociation  of  Asj  and  AS4  greatly  simplifies  the  interpretation  of  mass  spectra.  Additionally,  the 
geometry  of  the  single  photon  ionization  TOFMS  permits  simultaneous  film  growth  monitoring 
using  RHEED.  Results  will  be  presented  on  the  probing  of  scattering  and  desorption  of  UI-V 
MBE  species  during  GaAs  growth.  This  technique  promises  to  be  a  valuable  in-situ  diagnostic  for 
ra-V  and  II-VI  MBE. 


INTRODUCTION 

The  development  of  improved  in-situ  diagnostics  for  molecular  beam  epitaxy  (MBE)  is 
necessary  for  better  control  of  the  material  deposition  process.  Through  such  monitoring,  higher 
quality  semiconductor  devices  with  fewer  failure  rates  and  defects  and  sharper  junctions  will  result. 
Laser  probing  of  the  gaseous  species  used  in  MBE  allows  nonintrusive  and  real  time  monitoring  of 
the  incoming  and  scattered  chemical  fluxes  a  few  millimeters  in  front  of  the  growing  substrate. 
These  in-situ  diagnostics  can  provide  feedback  for  continual  flux  adjustments,  characterize  and 
quantify  the  growth  process,  and  determine  the  purities  of  the  semiconductor  materials  used  in  the 
manufacturing  process. 

Only  limited  flux  information  is  available  with  current  MBE  growth  monitors.  For  example, 
both  nude  ionization  gauges  and  quartz  crystal  microbalances  quantify  fluxes  but  yield  no  species- 
specific  information.  Although  species  specific,  many  spectroscopic  techniques  such  as  electron 
impact  emission,  hollow  cathode  discharge  lamps  for  emission  or  absorption,  and  laser-induced 
fluorescence  are  not  easily  applied  when  simultaneous  monitoring  of  multiple  species  is  required. 
Reflection  mass  spectroscopy  (REMS)''^  can  be  used  to  monitor  several  reflecting  species,  but  is 
unable  to  monitor  incoming  fluxes.  Additionally,  measurements  are  hindered  by  fragmentation  of 
molecular  species  in  the  electron  impact  mass  spectrometer  ionizer  which  complicates  the  signal 
interpretations.  Reflection  high  energy  electron  diffraction  (RHEED)  monitors  growth  rate  but 
does  not  provide  information  on  th'  composition  of  the  impinging  beams.  It  would  be  valuable  to 
have  complementary,  noninvasive  methods  to  monitor  multiple  gaseous  species  quantitatively  and 
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in  real  time  while  simultaneously  monitoring  film  growth  with  techniques  such  as  RHEED  or 
ellipsometry. 

Single  photon  ionization  (SPI)  greatly  reduces  molecular  fragmentation  compared  with 
multiphoton  ionization  and  electron  impact  ionizers.  This  has  previously  been  demonstrated  for 
large  molecules  such  as  organic  polymers^  and  polypeptides.^  The  photon  energy  used  is  large 
enough  to  ionize,  but  not  sufficient  to  ionize  and  fragment  the  molecule.  By  avoiding  the 
dissociation  of  molecules  such  as  Asj  and  As^  during  MBE  probing,  the  interpretation  of  mass 
spectra  is  greatly  simplified.  Most  species  relevant  to  III- V  and  II- VI  MBE  have  ionization 
potentials  less  than  the  ninth  harmonic  (118  nm,  lO.S  eV)  of  the  Nd:YAG  laser  and  can  be  detected 
by  SPI  (see  Table  I).  The  application  of  SPI  to  MBE  species  is  a  straightforward,  quite  general, 
and  powerful  analytical  technique. 


Table  1.  Species  lonizaMe  at  1 18  nm  (10.5  eV)* 


Species 

I.P.  (eV) 

Species 

I.P.  (eV) 

Species 

I.P.  (cV) 

A1 

6.0 

CdfCHjlj 

8.6 

Sc 

9.8 

AI(CH,)3 

9.1 

Ga 

6.0 

Si 

8.1 

As 

9.8 

Hg 

10.4 

Sn 

7.3 

Asj 

9.7*’ 

In 

5.8 

Sn(CH,), 

8.0 

AS4 

8.5*’ 

Mn 

7.4 

Te 

9.0 

AsH, 

10.0 

P4 

9.7 

Zn 

9.4 

CU 

9.0 

PH3 

10.0 

ZnfCH,), 

9.0 

“  All  ionization  potentials  from  Ref.  6  except  where  noted. 
^  Ref.  7 


EXPERIMENTAL 

The  experimental  apparatus  (Fig.  1)  consists  of  an  ultrahigh  vacuum  chamber,*  *®  similar  to  a 
commercial  MBE  system.  The  chamber  is  equipped  with  low  energy  electron  diffraction  (LEED), 
RHEED,  Auger  electron  spectroscopy  (AES),  residual  gas  analyzer,  and  At  ion  sputtering  for 
substrate  cleaning.  Simultaneous  MBE  growth,  RHEED  surface  analysis,  and  spectroscopic 
detection  of  the  gas  phase  species  approximately  1  cm  in  front  of  the  substrate  are  possible  with  the 
chamber  configuration.  Mass  detection  is  accort^lished  by  laser  single  photon  ionization  time-of- 
flight  mass  spectroscopy  (SPI-TOFMS).*® 

The  growth  of  III-V  materials  is  carried  out  in  the  home-built  MBE  apparatus.*  The  MBE 
source  region  is  differentially  pumped,  ctyoshielded.  and  uses  two  commercial  oven  sources  to 
produce  beams  of  Ga,  Asj,  and  As^.  The  As2  source  is  an  AS4  oven-cracker.  The  GaAs  (100) 
substrate  used  in  these  studies  is  Ar'^  sputtered  and  then  annealed  in  an  As^  beam  to  remove 
contamination.  A  GaAs  buffer  layer  is  then  grown  before  experiments  begin.  RHEED  shows  the 
substrate  is  smooth,  well  ordered,  and  As-stable.  During  growth,  RHEED  intensity  oscillations 
occur  and  are  monitored  with  a  CCD  camera  and  photodiode  system. 

SPI-TOFMS  is  used  to  probe  the  incoming,  desorbing,  and/or  scattering  gas  phase  species. 

The  ionizing  laser  (discussed  below)  passes  ~1  cm  in  front  of  and  parallel  to  the  substrate  which  is 
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Fig.  1.  Schematic  of  the  experimental  apparatus. 

mounted  within  the  Wiley-McLaren  TOFMS**  extraction  region.  Ion  extraction  is  accomplished 
perpendicular  to  the  surface  normal.  The  generated  ions  travel  up  a  1  m  flight  tube  and  arc  detected 
by  an  electron  multiplier.  Due  to  its  greater  resistance  to  deterioration  by  arsenic,  a  focussed 
mesh  multiplier  is  used  instead  of  a  microchannel  plate.  Since  ion  arrival  times  at  the  detector  are 
determined  by  mass,  time-gated  signals  can  be  selected  and  integrated  to  provide  simultaneous  time 
histories  of  fluxes  incident  or  scattered  from  the  surface. 

Simultaneous  access  to  the  substrate  by  the  molecular  beams,  the  ionizing  laser,  and  a  RHEED 
electron  beam  is  allowed  with  the  chamber  geometry.  By  keeping  the  region  around  the  substrate 
near  ground  potential,  as  opposed  to  typical  TOFMS  where  the  extraction  region  is  held  at  a  high 
positive  potential,**  the  RHEED  electron  beam  interacts  with  the  substrate  surface  with  minimum 
distortion.  The  diffraction  pattern  on  the  phosphor  screen  is  deflected  slightly  downward 
(approximately  2  cm  in  our  case)  when  voltages  are  applied  to  the  TOFMS  extraction  region  but 
the  pattern  itself  is  not  significantly  altered.  The  distance  that  the  specular  beam  is  deflected  agrees 
well  with  a  calculated  deflection  based  on  electron  beam  energy.  TOFMS  extraction  voltages,  and 
chamber  dimensions.  A  portion  of  the  RHEED  screen  has  been  cut  away  to  allow  the  introduction 
of  the  laser  beam. 

The  1 18  nm  ionizing  laser  light  is  produced  by  focussing  the  355  nm  frequency  tripled  output 
of  a  pulsed  NdrYAG  laser  into  a  static  cell  of  Xe  and  Ar.*’’**  Due  to  the  reflective  index 
differences  between  1 18  nm  and  355  nm,  a  LiF  lens  is  used  to  diffuse  the  355  nm  beam  and 
collimate  the  1 18  nm  beam  which  then  propagates  through  a  LiF  window  into  the  vacuum  chamber 
and  the  extraction  region.  The  10.5  eV  photons  gently  ionize  the  gaseous  species  (As^,  As,,  and 
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Ga)  with  a  single  photon.  Previous  studies  have  shown  that  less  than  0.4%  of  the  As^  fragments 
to  As2^,  and  signal  levels  of  A^^  ate  less  than  0.1%  (noise  level)  of  the  As4^  signal.  Neither  As^ 
nor  Asj  is  fragmented  to  As^.'”  Under  typical  operating  conditions,  the  Xe  pressure  is  2.13  x  1(P 
Pa  with  1 .86  X  10*  Pa  of  Ar  added  to  achieve  the  phase  matching  condition,  and  the  355  nm  pulse 
energy  is  15  mJ,  with  a  5  ns  pulse  duration  and  10  Hz  repetition  rate.  Values  of  the  tripling 
efficiency  to  1 18  nm  in  Xe  are  reported  to  be  approximately  10'^  using  20  mJ  of  355  nm.'^ 

The  SPI-TOFMS  technique  measures  species  density  and  not  flux.  A  velocity  correction  based 
on  the  mass  and  source  temperature  of  each  species  must  be  applied  to  convert  the  ionization 
signals  to  fluxes.  The  relative  sensitivities  lo  different  chemicid  fluxes  depend  on  each  species' 
iraiizatioa  ixobability,  angular  distribution,  and  TOP  collection  efficietrey.  If  relative  sensitivities 
between  species  have  been  detennined,  quantitative  monitoring  is  possible.  Previous  studies  in 
our  system  have  found  the  relative  sensitivity  factors  between  AS4,  Asj,  and  As  to  be  12:3;  1.'*^’* 
Ga  appears  to  have  a  low  ionization  probability  at  1 18  nm.'^  '^ 


RESULTS  AND  DISCUSSION 


Mass  Spectra 

The  SPI-TOFMS  method  is  used  to  probe  the  gas  phase  species  above  a  GaAs  wafer  during 
growth  at  a  surface  temperature  of  920  K.  Figure  2  shows  a  mass  spectrum  resulting  from  a 
summation  average  of  1800  laser  pulses.  Signals  corresponding  to  ®®Ga*  (69  m/Z),  ’’Ga*  (71 
m/Z),  As,'*’  (150  m/Z),  and  AS4*  (300  m/Z)  are  observed  (where  m  is  mass,  Z  is  atomic  number). 
The  AS4*  originates  from  incoming  and  unincorporated  (scattered)  AS4  flux.  Because  AS4  does  not 


Fig.  2.  Mass  spectrum  of  gas  phase  species  above  a  growing  GaAs  wafer  at  920  K  resulting  from 
a  summation  of  1800  laser  shots.  Signals  corresponding  to  ®Ga\  ’*Ga^,  As2^,  and  As4^  are 
observed. 
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Fig.  3.  An  example  of  simultaneous  monitoring  with  RHEED  and  SPl-TOFMS  during  GaAs 
growth  at  800  K.  (a)  RHEED  intensity,  (b)  Time  behavior  of  the  desorbing  As,  flux. 

fragment  to  ASj*  with  single  photon  ionization  at  1 18  nm,  the  entire  Asj’^  signal  arises  from  As, 
that  is  desorbed  or  chemically  formed  at  the  substrate. 

Not  only  is  this  technique  excellent  for  detecting  scattered  and  desorbed  species,  it  is  well  suited 
as  a  flux  monitor  with  feedback  control.  By  swinging  the  sample  out  of  the  extraction  region,  the 
incoming  flux  can  be  exclusively  probed.  GaAs  growth  depends  on  many  parameters.  The  ability 
to  monitor  noninvasively  the  Ga  flux.  As^  flux,  and  their  ratio  during  growth  will  improve  process 
control.  Previous  results  have  also  shown  that  SPI-TOFMS  readily  detects  oven  cross 
contamination. 


SPI-TOFMS  and  RHEED 

Our  experimental  setup  allows  for  simultaneous  monitoring  with  RHEED  and  SPI-TOFMS. 
For  the  data  shown  in  Figure  3.  a  GaAs  substrate  at  820  K  was  maintained  under  an  AS4  flux. 
After  15  sec.  the  Ga  oven  was  opened  and  layer-by-layer  growth  commenced.  The  AS4  oven  was 
shuttered  at  50  sec  and  reopened  at  80  sec.  The  Ga  oven  was  closed  after  1 10  sec.  The  top  trace 
shows  the  corresponding  RHEED  intensity  changes.  The  behavior  of  the  desorbing  As,  flux 
during  these  times  is  plotted  in  the  lower  trace. 

The  RHEED  response  (Fig.  3a)  is  well  understood  by  GaAs  researchers.  Under  the  AS4  flux, 
the  surface  is  A$-stable.  When  the  Ga  flux  is  introduced,  layer-by-layer  growth  at  a  rate 
determined  by  the  Ga  flux  (in  this  case  0.09  ML  sec  ')  begins.  Removal  of  the  arsenic  flux  leads 
to  a  reconsuiiction  change  from  2x4  As-stable  through  3x1  to  the  4x2  Ga  stable.  This  is  seen  in 
the  sudden  intensity  decrease  and  recovery  at  a  lower  intensity.  Upon  leintroduction  of  the  AS4 
flux,  the  As-stable  surface  recovers  and  layer-by-layer  growth  begins  again.  After  the  Ga  is 
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blocked,  the  growth  oscillations  cease. 

By  monitoring  the  ion  signals  measuied  with  SPI-TOFMS,  the  coiresponding  fluctuations  in 
qtecies’  fluxes  are  also  obtained.  The  As^  is  newly  generated  at  the  growing  substrate  and  is 
followed  by  time-gated  mass  detection  in  Figure  3b.  The  most  obvious  feature  is  the  drastic 
decrease  in  Asj  desorption  when  AS4  is  not  supplied  to  the  surface.  The  signal  decay  indicates  that 
some  Asj  continues  to  desorb  after  termination  of  the  As^  flux,  while  the  slight  positive  increase  in 
time  after  the  abrupt  increase  when  the  oven  is  reopened  indicates  that  an  initial  uptake  of  arsenic 
occurs  in  the  growing  layer.  The  results  indicate  that  it  should  be  feasible  to  detect  small  changes 
in  arsenic  sticking  coefficient  by  monitoring  the  desorbing  fluxes  during  the  layer-by-layer  growth. 
Ihesently  the  noise  in  the  Asj^  signal  is  due  to  fHilse-to-pulse  fluctuations  of  the  laser,  which  will 
be  normalized  out  in  future  experiments. 

Single  photon  ionization  time-of-flight  mass  spectroscopy  is  a  prontising  new  analytical 
technique  for  monitoring  MBE  growth.  This  ncminnusive  probe  is  compatible  with  RHEED 
monitoring  and  can  provide  additional  insight  into  the  chemistry  that  occurs  on  and  above  a 
growing  epitaxial  layer.  More  versatile  than  RHEED,  SPI-TOFMS  can  be  used  with  rotating 
samples  and  under  higher  temperature  growth  conditions  where  layer-by-layer  growth  does  not 
occur.  SPI-TOFMS  has  great  potential,  both  in  practical  device  fabrication  and  in  fundamental 
measurements  of  MBE  growth. 

Support  of  this  research  by  the  National  Institute  of  Standards  and  Technology  and  by  the 
donors  of  The  Petroleum  Research  Fund,  administered  by  the  American  Chemical  Society,  is 
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Abstract 


neal-time  epi-film  thickneu  it  meatored  by  an  Emittion  Foniier  TVantform  Infrared 
Spectrometer  (E/FT-IR).  The  E/FT-IR  tsket  advantage  of  the  heated  wafer  at  the  tource 
of  IR  radiation.  In  our  experimentt,  wafert  were  cleaned  uting  in-titu  ECR  hydrogen  platma 
followed  by  film  growth.  The  cleaning  and  depotition  procettet  were  monitored  in  real-time 
uting  the  E/FT-IR  technique.  We  have  demonttrated  the  application  of  E/FT-IR  for  ob¬ 
serving  real-time  growth  rates  and  incubation  timet.  Bated  on  these  real-time  observations, 
the  predeposition  plasma  cleaning  process  and  the  deposition  process  can  be  effectively  mon¬ 
itored  and  controlled  in  real-time.  Application  of  E/FT-IR  in  optimizing  the  predeposition 
hydrogen  plasma  cleaning  process  was  demonstrated. 

Introduction 

The  epitaxial  film  thickness  is  a  critical  parameter  that  must  be  accurately  measured  and 
controlled.  For  example,  it  is  necessary  to  ensure  that  outdiffusion  and  autodoping  during 
device  processing  do  not  significantly  consume  the  epitaxial  film.  In  addition,  several  bipolar 
transistor  device  parameters,  such  as  breakdown  voltage,  junction  capacitance,  transistor 
gain,  and  high  frequency  performance,  depend  on  the  epi-layer  thickness.  There  are  many 
thin  film  thickness  measurement  techniques  [1]  [2].  However,  they  are  either  destructive 
or  not  applicable  in  the  case  of  a  silicon  epi  film  on  a  silicon  substrate.  The  commonly 
used  technique  for  epi  film  thickness  measurement  is  the  reflectance  measurement  using  an 
external  IR  source,  and  is  widely  used  in  industry  [3]  [4]  I'il  But  it  is  only  used  for  ex  —  situ 
measurement,  that  is,  the  measurement  is  done  outside  '.he  g-owth  or  etching  chamber.  And 
it  is  difficult  to  be  adapted  for  in  —  situ  measuremer '  m  r.-.  present  form.  The  E/FT-IR 
technique,  on  the  other  hand,  takes  advantage  of  a  heated  wafer  as  the  infrared  source. 
By  analyzing  the  IR  emission,  we  have  successfully  obtained  epitaxial  silicon  film  thickness 
measurements  on  heavily  doped  silicon  substrates  [6]. 

Experimental 

A  Bio-Rad  FTIR  (model  FTS-40)  spectrometer  equipped  with  a  room  temperature 
deuterated  iriglycine  sulfate  (DTGS)  detector  was  used  to  collect  the  E/FT-IR  spectra.  The 
principles  of  operation  for  the  E/FT-IR  technique  were  reported  elsewhere  in  detail  [7].  All 
experiments  were  carried  out  in  our  multi-chamber  single-wafer  chemical  vapor  deposition 
(MS-CVD)  reactor.  A  description  of  the  reactor  was  reported  in  [8]. 
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Reaults  wd  Discusuoiu 


Real-time,  in  Htu  epitaxial  proceu  monitoriag  and  epi-fllm  thicknen  control 
urag  E/FT-IR 

Although  FT-IR  spectroKOpy  nang  an  external  IR  aonrce  it  conunonly  and  widely 
used  in  the  temiconductor  induttry  [9],  it  it  only  nted  tat  em  —  ntu  meaturementt  (i.e., 
the  meatnrement  it  performed  outtide  the  ptocett  chamber)  and  it  it  difficult  to  adapt 
for  in  —  jitn  meaturementt.  Compared  to  infrared  reflection  abtorption  tpectrotcopy,  the 
infrared  emittion  tpectrotcopy  doet  not  need  an  external  light  lource;  therefore  it  it  eatier 
to  implement,  and  it  it  retatirely  Lett  tentitive  to  turface  roughnett  and  flatnett.  Moreover, 
it  it  robuit  againtt  vibration,  rotation  and  mitalignment  of  the  wafer.  Thut,  it  it  well  auited 
for  in  tiiu  monitoring  of  rotating  wafert  in  production  equipment.  Conteqnently,  emittion 
FT-IR  tpectrotcopy  hat  tignificant  potential  at  a  real-time  in-titn  ptocett  monitor.  We  have 
demonttrated  that  E/FT-IR  can  be  need  for  meaturing  epitaxial  t^  flln,  thicknett  in— situ 
[6].  Recently,  we  have  tuccettfnlly  applied  the  E/FT-IR  technique  to  monitor  film  thicknett 
in  real-time  during  growth  in  a  multi-chamber,  nngle-wafor  CVD  reactor  [8]. 


The  real-time  film  thickness  measurement  was  demonstrated  by  depositing  a  film  on  a 
substrate  with  an  existing  epi-film.  The  E/FT-IR  technique  has  been  applied  to  measure 
film  thickness  in  situ  and  in  real-time  during  the  deposition  processes.  A  film  was  deposited 
on  a  3  /tm  epi  wafer  (substrate  is  n-type  dop^  with  resistivity  equal  to  0.001-0.002  (l-cm;  the 
existing  epi  layer  is  also  n-type  with  resistivity  equal  to  about  0.5  (l-cm).  The  growing  film 
thickness  is  the  total  measured  film  thickness  minus  the  initial  epi-film  thickness.  Figure 
1  shows  the  real-time  film  thickness  measurements  during  a  thermal  CVD  process  at  a 
temperature  of  650  *C.  The  wafer  is  cleaned  amply  by  dipping  it  in  HF  (10:1)  solution 
without  being  rinsed  before  it  was  introduced  into  the  CVD  reactor.  Deposition  was  carried 
out  at  a  pressure  of  2  mTorr  by  introducing  40  seem  of  pure  silane.  The  slope  of  the  carve 
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give*  n*  the  grawtk  rate*,  and  we  aee  that  the  iaitial  growth  rate  i*  alower.  Althoo^  the 
teaKHU  fi»  thia  change  in  growth  rate  i*  naknowa  at  preaeat,  we  bdieve  it  may  be  related  to 
pertubatkwa  in  the  depoaitioB  parameter*.  In  addithm,  the  real-time  tn  att«  monitm  can  be 
aaed  for  endpoint  detection  and  otmtrol.  For  example,  if  a  0.27  n  m  epi-layer  i*  deaiied  (aee 
Fig.l),  the  depoaitioii  prooea*  can  be  terminated  wlmn  the  £/FT-IR  give*  a  0.27  m  qn-film 
thirltii«»M  reading.  FV»  an  even  mote  predae  endpoint  control,  the  real-time  film  thicknem 
meaanrement*  can  be  naed  to  extrapolate  a  real-time  growth  rate,  therefore  endpoint  can  be 
predicted  in  real-time.  The  final  thickneaa  meaanrement  waa  confirmed  by  en  titu  FT-IR 
and  high  reaolntkm  croaa-aectional  trantwiiaaion  dectron  microacopy  (HRXTEM)  which  gave 
meaanred  film  thickneaae*  of  0.26  pm  and  0.3  pm,  reapectivdy.  The  E/FT-IR  technique  ia 
particularly  auited  for  real-time  proceaa  monitoring,  aa  it  allow*  repeatable,  faat,  and  accurate 
(0.01pm  predaimi)  meaanrement  of  film  thickneaa.  Thia  thickneaa  information  can  be  fod- 
back  in  real-time  to  oontool  film  thickneu  precisely. 

Optimrxntion  of  ECR  hydrogen  plaamn  predeposition  wafer  cleaning 

In  addition  to  real-time  in-*itu  monitor  and  control  of  epi  film  thickneaa,  we  have  ob¬ 
served  growth  rate  change*  and  incubation  time*  resulting  from  various  predeposition  wafer 
cleaning  conditions.  By  real-time  monitoring  of  incubation  time  and  growth  rate,  we  were 
able  to  obtain  qualitative  information  about  the  effectiveness  of  the  predepoaition  wafer 
cleaning  process  and  to  assess  the  quality  of  the  depositing  film  in  real-time. 
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Figure  2.  Real-time  in  situ  monitoring  of  growth  incubation  time  and  growth  rate  during  a 
eVD  process. 
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Figure  2  shows  the  real-time  thickness  monitoring  results  of  three  depositions  performed 
under  the  same  deposition  conditions  (see  inset  in  Fig.2).  Data  (a)  (Fig.2)  show*  an  incuba- 
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tion  time  oi  30  mmntee  leenlting  from  s  depoeitioB  on  a  native  oxide  coveied  lilioMi  loifrce. 
Subceqaent  ciom  lectioaal  traaimiMion  electron  microKopy  (XTEM)  ctwfiimed  that  the 
depodted  film  waa  p<dycryitalHne  tilicon.  Data  (b)  doe*  not  ihow  an  incnbation  time;  how¬ 
ever,  the  growth  rate  ii  i^er  compared  to  that  in  Fignre  2(c).  The  corresponding  XTEM 
picture  shows  that  the  film  grown  with  slower  groarth  rate  is  a  defective  epi  film.  The  XTEM 
picture  corresponding  to  Data  (c)  show*  that  a  defect  free  epi-film  is  deposited  after  E^R 
hydrogen  plasma  cleaning.  However,  the  interfece  between  the  epi-film  and  substrate  was 
ckarly  visible,  suggesting  that  the  process  condition  was  not  optimised.  We  carried  out  a 
L|i  orthogonal  design  of  experiments  for  optimising  the  ECR  hydrogen  plasma  predeposition 
wafer  rivalling  process.  We  hept  the  same  depodtion  condition  after  each  cleaning  experi¬ 
ment.  Using  the  E/FT-IR,  we  have  eliminated  many  unnecessary  post-depodtion  materials 
characterisation*  (e.g.  Rutherford  back  scattering  (RBS),  cross  sectional  transmission  elec¬ 
tron  microscopy  (XTEM),  and  secondary  ion  mass  spectroscopy  (SIMS)).  When  we  saw  an 
incubation  time  and/or  dow  growth  rate,  we  knew  that  the  cleaning  process  was  ineffective 
and  that  the  epi-film  was  defective,  consequently  we  did  not  perform  those  time  consum¬ 
ing  and  costly  post-depodtion  material*  characterisations.  Thus,  plasma  cleaning  process 
optimisation  time  was  shortened  and  post-depodtion  materials  chsuracterization  cost  was 
reduced. 


Figure  3.  Cross-sectional  TEM  picture  of  a  defective  epi-film. 

In  addition,  we  observed  that  a  plus  10  Vdc  bias  applied  to  the  wafer  was  important  to 
reduce  ion  damage.  Previously,  it  was  shown  that  hydrogen  plasma  cleaning  of  silicon  dioxide 
required  ion  bombardment[10].  Since  the  mass  of  hydrogen  molecules  is  relatively  small,  one 
might  expect  minimum  damage  from  hydrogen  ions;  however,  severe  damage  by  hydrogen 
ions  was  observed  during  radio  frequency  hydrogen  plasma  cleaning  process  [10].  We  found 
that  a  plus  10  volts  DC  bias  was  required  to  suppress  damage  by  ECR  hydrogen  plasma. 
Figure  3  shows  a  XTEM  picture  of  a  sample  that  was  cleaned  by  ECR  hydrogen  plasma 
at  -50  Vdc  bias.  Clearly,  an  interface  layer  of  about  30  nm  was  observed.  We  believe  this 
interfadal  layer  was  the  damaged  surface  layer  prior  to  film  growth.  Moreover,  the  contrast 
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below  the  interfmce  within  the  lubitnte  indicate*  pouible  itreM  field  resulting  from  the 
d^ective  film.  Moreover,  the  XTEM  picture  of  a  sample  that  was  cleaned  by  ECR  hydrogen 
plasma  (under  the  same  cleaning  conditions)  with  a  0  Vdc  bias  showed  a  defect  free  film. 
However,  the  inter&ce  between  the  film  and  substrate  of  the  sample  was  still  clearly  visible. 


Figure  4  (a)  shows  the  real-time  thickness  monitoring  results  of  a  wafer  that  was  cleaned 
under  an  optimised  cleaning  condition  with  a  plus  10  v<dts  DC  bias.  The  deposition  condition 
and  the  optimised  plasma  cleaning  condition  are  specified  in  Figure  4(a).  The  corresponding 
XTEM  picture  (Fig.  4(b))  shows  that  this  film  was  defect  free  and  the  epi-substrate  interface 
was  almost  invisible.  This  indicated  that  under  these  conditions,  the  ECR  hydrogen  plasma 
did  not  damage  the  wafer  surface  and  the  surface  was  in  good  condition  prior  to  film  growth. 


Figure  4.  (a)  Real-time  in  situ  film  thickness  monitoring  during  a  CVD  process  after  hy¬ 
drogen  plasma  predeposition  cleaning;  (b).  Cross-sectional  TEM  picture  of  a  defect  free 
epi-film. 
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Concluaioo 


We  have  reported  an  emiiaioii  FTIR  teduiiqne  for  epi-iilm  thickneM  measurement.  We 
hare  demonstr^ed  that  the  E/FT-IR  technique  can  be  used  as  a  noncontact,  nondestructive 
m-stiti,  real-time  til™  thickness  monitoring  to<d.  Moreover,  an  application  of  E/FT-IR  for 
real-time  tn  sttn  monitoring  of  epitaxial  silicon  film  thickness  is  demonstrated.  From  the 
real-time  thickness  measurements,  growth  rrtes  can  be  obtained  in  real-time  and  the  end¬ 
point  epi-film  thickness  can  be  controlled  precisely.  Furthermore,  we  have  demonstrated  an 
application  of  E/FT-IR  for  optimising  the  predeposition  hydrogen  plasma  cleaning  process. 
We  hare  shown  that  by  using  a  real-time  in  situ  monitor,  process  optimisation  time  can  be 
shortened  amd  materials  characterisation  cost  can  be  reduced. 
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ABSTRACT 

Electron  traps  in  Czochralski -grown  n-type  (100)  silicon  with  and  without  donor 
annihilation  annealing  have  been  studied  by  deep— level  transient  s^troscopy.  A  total 
of  eight  electron  traps  are  observed  in  the  concentration  range  10  -10  “  cm  .  It 

is  thought  that  these  are  grown— in  defects  during  crystal  growth  cooling  period 
including  donor  annihilation  annealing.  It  is  suggested  that  two  electron  traps  labelled 
A2  (Ec— 0.34  eV)  and  A3  (Ec-0.38  eV)  of  these  traps  are  correlated  with 
oxygen— related  defects.  It  is  shown  that  traps  A2  and  A3  are  formed  around  400  °  C 
and  disappear  around  500—600  °  C. 


I.  INTRODUCTION 

Oxygen  is  incorporated  in  Czochralski-grown  (CZ)  silicon  during  crystal  growth. 
Oxygen  normally  occupies  the  interstitial  site  (Oi)  and  is  electrically  inactive.  However, 
oxyjgen  tends  to  precipitate  and  interact  with  point  defects  during  crystal  growth  cooling 
(Ktiod,  since  the  dissolved  oxygen  concentration  in  CZ  silicon  is  far  above  the  solubility 
limit.  It  is  possible  that  the  resultant  oxygen-related  defects  are  electrically  active. 
Thermal  donor  is  one  of  the  well-known  oxygen— related  defects  [1],[2]. 

Nauka  et  al.  [3]  have  observed  oxygen— induced  recombination  centers  in 
as— grown  CZ  silicon.  Recently,  Mishra  et  al.  [4]  have  reported  that  oxygen— related 
defects  act  as  minority  carrier  traps  in  p-type  CZ  silicon.  On  the  other  hand, 
grown— in  defects  in  CZ  silicon  have  been  stuped  using  positron  aimihilation  method, 
which  has  indicated  that  vacancy— type  defects  as  well  as  oxygen  clusters  are  present  in 
as-grown  CZ  silicon  [5].  It  is  important  to  investigate  grown-in  defects  in  CZ  silicon, 
since  these  may  play  an  important  role  for  LSI  device  processing  through  the 
precipitation  of  oxygen  [6]. 

Deep-level  transient  spectroscopy  (DLTS)  is  a  powerful  technique  to  study  traps 
in  semiconductors  [7].  Grown-in  defects  in  bulk  GaAs  have  been  extensively  studied 
by  this  technique  [8].  However,  there  are  few  DLTS  studies  on  grown— in  defects  in 
CZ  silicon,  probably  because  of  very  small  concentration  of  defects,  although  defects 
introduced  by  high  temperatiure  heat  treatment  have  been  studied  by  DLTS  [9—11]. 

In  this  study,  we  apply  DLTS  with  a  bipolar  rectangular  weighting  function  to 
characterize  grown-in  defects  in  n-type  (100)  CZ  silicon  with  and  without  donor 
annihilation  annealing.  Trap  concentrations  observed  in  this  work  are  in  the  range 
10*“  to  10“  cm'^. 


II.  EXPERIMENTAL  PROCEDURE 

Five,  phosphorus-doped  (100)  n-type  CZ  silicon  wafers  (wafers  A  B,  C,  D  and  E) 
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are  used  and  their  wafer  characteristics  are  shown  in  Table  1.  Wafers  A  and  B  are 
as— grown  ones  without  donor  annihilation  annealing,  while  wafers  C,  D  and  £  receive 
donor  annihilation  annealing  Resistivity  is  measured  using  the  four-point  probe 
method.  The  interstitial  oxygen  concentrations  are  determined  by  a  Shimazu  8100M 
Fourier  transform  infrared  spectrometer.  The  interstitial  oxygen  concentrations  are 
calculated  to  JEIDA  procedures  (a  conversion  factor  of  3.03x10  ”  cm  "^  ).  The 
interstitial  oxygen  concentrations  of  wafers  A  and  C  are  higher  than  those  of  wafers  B, 
D  and  E. 

Au  Schottky  harrier  contacts  are  fabricated  on  the  front  surface  for  these  wafers  to 
make  DLTS  measurements.  The  back  ohmic  contacts  are  produced  by  using 
rubbed— on  eutectic  gallium— indium  to  avoid  high  temperature  process.  Aimealing 
experiments  in  the  temperature  range  100  to  650  C  are  carried  out  in  flowing  N2  for 
wafers  E.  Annealing  time  is  30  min. 

The  DLTS  method  with  a  bipolar  rectangular  weighting  function,  which  has  a 
better  signal— to— noise  ratio  compared  to  the  conventional  one  [12],[13],  is  employed  in 
this  work.  The  capacitance  is  measured  by  using  a  Boonton  72B  capacitance  meter. 
DLTS  measurements  are  made  in  the  tf^mperature  range  80—300  K. 


III.  EXPERIMENTAL  RESULTS 

Figure  1  shows  the  DLTS  spectra  for  wafers  A  and  B  which  received  no  donor 
annihilation  aimealing.  Figure  1(a)  shows  the  DLTS  spectrum  obtained  from  the  wafer 
A.  Four  electron  traps  labelled  Al,  A2,  A3  and  A4  are  observed.  The  energy  levels 
and  electron  capture  cross  sections  for  these  traps  are  presented  later.  Trap  Al,  A2, 
A3  and  A4  concentrations  are  estimated  to  be  3.5x10  ,  62x10  ,  1.1x10  “  and 

8.4x10  cm  '  ®  ,  respectively.  Figure  1(b)  shows  the  DLTS  spectrum  obtained  from 
the  wafer  B.  It  is  found  that  no  electron  traps  are  observed  with  the  DLTS  detection 


Table  I.  Characteristics  of  n-type 
(100)  CZ  silicon  wafers. 


Wafer 

Resistivity 

[  Q  cm] 

Ortygen 

concentration 

[lO’*  cm'^  ] 

Donor 

annihilation 

atmealing 

A 

5 

1.4 

no 

B 

9 

1.1 

no 

C 

40 

1.4 

yes 
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6 

1.0 

yes 

E 

30 

1.0 

yes 
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Fig.  1.  DLTS  spectra  for  the  wafer 
A  (a)  and  wafer  B  (b)  (  r  =19.1  ms). 
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Umit  —  10  cm  in  the  wafer  B.  This  result  seems  to  suggest  that  traps  observed 
in  tte  wa^  A  are  correlated  widi  oxygen— related  defects  formed  during  crystal  growth 
cooling  period  since  the  interstitial  oxygen  concentration  for  the  wafer  A  is  higher  than 
that  for  the  wafer  B. 

Figure  2  shows  the  DLTS  spectra  for  wafers  C,  D  and  £  which  received  donor 
annihilation  ann^ling.  Traps  A2  A3  are  observed  in  the  wafer  C  as  seen  from  Fig. 
2(a).  In  addition,  a  trap  labelled  AS  is  observed.  Furthermore,  the  DLTS  signals 
increase  below  100  K  with  decreasing  temperature,  w^iich  indicates  the  presence  of 
shallower  electron  traps.  Trap  A2,  A3  ai^  AS  concentrations  are  estimated  to  be 
~  1x10  ,  1.8x10  “*  and  2.1x10  cm  ,  respectively.  The  concentration  evaluated 

for  the  trap  A2  is  an  approximate  value,  since  ifo  DLTS  signals  are  near  the  detection 
limit  ( —  SxlO  *  cm  )  and  because  of  overlapping  of  trap  A2  and  A3  DLTS  signals. 
Figure  2(b)  shows  the  DLTS  spectrum  obtai^  from  the  wafer  D.  No  electron  traps 
are  observed  in  the  wafer  D  with  the  lower  interstitial  oxygen  concentration  compared 
to  the  wafer  C  as  similariy  to  the  results  for  as-grown  wafers  without  donor 
annihilation  ann«»aling.  However,  three  electron  traps  A6,  A7  and  A8  are  observed  in 
the  wafer  E  with  almost  the  same  interstitial  oxygcm  concentration  as  the  wafer  D,  as 
shown  in  Fig.  2(c).  Trap  A6,  A7  and  A8  concentrations  are  estimated  to  be  3.1x10  ‘  °  , 
2.3x10  and  8.7x10  cm  ,  respectively. 

A  total  of  eight  electron  tr^  labelled  A1-A8  are  observed  in  CZ  wafers  evaluated 
in  this  work.  Trap  concentrations  are  in  the  range  10  to  10  '  ‘  cm  .  The  thermal 
emission  rate  resmts  for  these  electron  traps  and  the  lines  by  a  least  squares  fit  are 
shown  in  Fig.  3.  The  energy  levels  and  electron  capture  cross  sections  are  listed  in  the 
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Fig.  2.  DLTS  spectra  for  the  wafer 
C  (a),  the  wafer  D  (b)  and  wafer  E  (c) 
(  r  =19.1  ms). 


Fig.  3.  Thermal  emission  rate  data 
forelectron  traps  observed  in  n-type 
(100)  CZ  silicon.  The  trap  A9  is 
observed  in  the  annealed  wafer  E  at 
350  ”0. 
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Table  II.  Energy  levels  and  electron 
capture  cross  section  of  electron  traps 
observed  in  n-^pe  (100)  CZ  silicon. 
The  trap  A9  is  observed  in  the 
annealed  wafer  E  at  3S0  ”  C. 


Trap 

Energy  level 

leV] 

Electron  capture  cross 
section  [cin^  ] 

At 

0.17 

9.0  X  10”“ 

A2 

0l34 

23  X  10"** 

A3 

0.38 

1.5  X  10”*^ 

A4 

0J8 

6.2  X  10"" 

AS 

0.46 

3.S  X  10"“ 

A6 

0.28 

45  X  10“'^ 

A7 

0.29 

2.7  X  10'^^ 

A8 

0.43 

1.2  X  10”“ 

A9 

0.18 

85  X  10~” 

_1 _ I _ U 

100  200  300 
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Fig.  4.  DL7S  spectra  for  the  wafer 
E  (a),  the  annealed  wafer  E  at  3(X)  “  C 
(b)  and  the  annealed  wafer  E  at  350  ” 
C  (c)  (  r  =19.1  ms). 


Table  U.  These  values  are  calculated  from  the  thermal  emission  rate  data  in  Fig.  3 
assuming  that  capture  cross  sections  are  independent  of  temperature. 

The  annealing  experiments  in  the  temperature  range  100-650  “  C  are  carried  out 
for  the  wafer  E.  Figure  4  shows  the  DLTS  spectra  for  Uie  wafer  E  annealed  at  300  and 
350  ”  C.  For  comparison,  the  DLTS  spectrum  for  the  wafer  E  without  annealing  is 
shown  in  Fig.  4(a).  Figure  4(b)  shows  the  DLTS  spectrum  for  the  wafer  E  which 
received  heat  treatment  at  300  "  C  for  30  min.  It  is  found  that  traps  A6,  A7  and  A8 
disappear  by  annealing  at  300  °  C.  Instead,  three  electron  traps  are  introduced  by 
anne^g  at  350  "  C  as  shown  in  Fig.  4(c).  It  is  noted  that  two  of  three  electron  traps 
correspond  to  traps  A2  and  A3  observ^  in  wafers  A  and  C  without  annealing.  The 
preliminary  annealing  experiments  of  the  wafer  B  also  show  the  growth  of  traps  A2  and 
A3.  However,  no  growth  of  these  traps  is  observed  for  the  wafer  D.  The  emission  rate 
data  of  another  trap  labelled  A9,  and  its  energy  level  and  electron  capture  cross  section 
are  shown  in  Fig.  3  and  Table  H,  respectively. 

The  annexing  behavior  of  traps  A2  and  A3  introduced  in  the  wafer  £  by  heat 
treatment  is  shown  in  Fig.  5  together  with  that  of  traps  A6,  A7  am’  A8.  Traps  A6,  A7 
and  A8  observed  in  the  w^er  E  anneal  out  around  300  ”  C.  On  the  other  hand,  the  trap 
A3  is  observed  in  the  annealing  temperature  range  350-400  °  C.  The  trap  A2  shows 
the  maximum  concentration  around  400  "  C  and  is  below  the  detection  limit  around 
600  "C. 


rv  DISCUSSION  AND  CONCLUSIONS 

A  total  of  ei^t  electron  traps  are  observed  in  CZ  wafers  with  and  without  donor 
annihilation  annealing.  Two  electron  traps  A2  and  A3  of  these  traps  are  present  in  the 
wafers  with  the  higher  interstitial  oxygen  concentrations  irrespective  of  donor 
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Fig.  5.  Annealing  behavior  of  traps 
A2,  A3,  A6,  A7  and  AS  observed  in  the 
wafer  E. 


ANNEALING  TEMPERATURE  (*C] 


annihilation  annealing  as  seen  from  Fig.  1  (a)  and  Fig.  2  (a).  Furthermore,  it  is  found 
that  trap  A2  and  A3  concentrations  in  the  wafer  C  with  donor  annihilation  annealing  are 
approximately  one  order  of  magnitude  smaller  than  those  in  the  wafer  A  without  donor 
annihilation  annealing. 

The  annealing  behavior  of  traps  A2  and  A3  is  found  from  the  aimealing 
experiments  for  the  wafer  E.  As  seen  from  Fig.  5,  traps  A2  and  A3  are  formed  around 
400  °  C  and  atmeal  out  around  500-600  °  C.  It  is  thought  that  traps  A2  and  A3  are 
formed  in  the  wafer  A  around  400  ®  C  during  crystal  growtii  cooling  period.  The  smaller 
concentrations  of  traps  A2  and  A3  in  the  wsSer  C  are  ascribed  to  the  donor  annihilation 
aimealing.  It  is  expected  that  the  time  of  wafers  exposed  to  the  temperature  around 
400  °  C  during  donor  annihilation  aimealing  cooling  period  is  shorter  than  that  during 
the  crystal  |H^owth  cooling  priod.  This  leads  to  the  annihilation  of  traps  A2  and  and 
the  suppresion  of  regrowfri  of  these  traps  in  wafers  which  receive  the  donor  aimihilation 
annealing.  It  is  thought  that  the  formation  of  traps  A2  and  A3  is  related  to  the  oxygen 
concentrations  and  the  exposure  time  around  400  °  C  in  wafers.  However,  no 
observation  of  the  growth  of  traps  A2  and  A3  in  the  wafer  D  may  suggest  that  another 
species  is  also  related  to  these  traps. 

Nauka  et  al.  [3]  have  reported  the  presence  of  oxygen— induced  recombination 
centers  in  as— grown  CZ  silicon.  They  have  ascribed  these  centers  to  grown-in 
oxygen  precipitates.  Recently,  Mishra  et  al.  [4]  have  indicated  that  oxygen— related 
defects  act  as  electron  traps  in  p— type  CZ  silicon  using  surface  photovoltage  (SPV) 
minority  carrier  diffusion  length  measurements.  Electron  traps  observed  by  SPV 
measurements  [4]  may  correspond  to  those  observed  here  by  DLTS,  although  the 
interstitial  oxygen  concentrations  of  CZ  silicon  used  in  SPV  measurements  are  in  the 
range  5-7x10  cm  .  In  the  DLTS  measurements,  traps  A2  and  A3  are  not 
observed  in  n— type  CZ  silicon  with  the  interstitial  oxygen  concentrations  of  1.0— l.lx 
10  ‘  ®  cm  '  ^ .  However,  this  does  not  necessarily  mean  that  these  traps  are  absent  in 
wafers  with  the  lower  interstitial  oxygen  concentrations.  It  is  thought  that  trap 
concentrations  in  these  wafers  are  below  the  detection  limit  of  the  DLTS  measurement 
technique  used  here. 

The  trap  Al  also  may  correspond  to  the  grown-in  oxygen -related  defects  since 
this  trap  is  observed  only  in  the  as -grown  wafer  A  with  the  higher  interstitial  oxgen 
concentration.  It  seems  that  the  trap  Al  disappears  by  the  donor  annihilation  aimealing, 
although  there  is  the  possibility  that  trap  Al  DLTS  sig^s  are  masked  by  the  DLTS 
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signals  resulting  from  shallower  electr(m  traps  as  shown  in  Fig.  2(a).  Trap  A4,  A5 
ai^  AS  DLTS  signals  are  observed  around  240  K  as  seat  frcmi  Figs.  1  and  2. 
Furthermore,  thc^  trap  DLTS  signals  show  the  slii^tly  broader  shape,  which  suggests 
that  these  consist  of  several  trap  DLTS  signals.  The  main  trap  may  v^  among  wafers, 
dependent  on  the  wafer  thermal  history  including  donor  annihilatira  anne^i^. 
However,  further  investigation  is  necessaiV  to  discuss  the  origin  of  these  traps  in 
addition  to  traps  A6  and  A7. 
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ABSTRACT 

The  relationship  between  minority  carrier  properties  and  solar  cell  characteristics  of 
electromagnetic  (EM)  cast  polycrystalline  Si  has  experimentally  been  investigated.  The  minority 
carrier  lifetime  t  and  diffusion  coefficient  D  were  evaluated  by  a  novel  dual  mercury  probe 
method.  The  solar  cell  characteristics,  e.g..  a  conversion  efficiency  T)  were  measured  by 
fabricating  experimental  solar  cells  using  the  corresponding  wafers.  The  wafer  showing  high-T| 
(13.1%)  has  relatively  high  x  (av.  8.2  ps)  with  small  variation  of  D  (av.  29.6  cm^/s).  On  the 
contrary,  the  low-i)  (11%)  wafer  shows  low  x  (av.  1.1  ps),  including  some  inferior  portions  with 
very  low  x  of  less  than  O.S  ps.  It  is  also  shown  that  D  drastically  deteriorates  with  decreasing  x  if 
X  is  less  than  around  2  ps.  To  realize  high  efficiency  polycrystalline  solar  cells,  the  wafers  with 
high  value  of  x  and  without  considerably  low-x  portions  are  needed. 


INTRODUCTION 

For  any  minority  carrier  device  such  as  a  solar  cell,  the  behavior  of  minority  carriers  in  a 
semiconductor  bulk  as  well  as  at  the  surface  essentially  affects  its  performance,  e.g.,  energy 
conversion  efficiency  in  a  solar  cell  [I].  Among  many  solar  cell  materials,  polyctysialline  Si  has 
attracted  much  attention  because  of  its  potentiality  of  low  cost.  Currently,  electromagnetic  casting 
of  Si  is  expected  to  supply  low  cost  and  high  quality  polycrystalline  Si  wafers  for  solar  cells  [2]. 
Even  for  such  polycrystalline  Si,  a  high  minority  carrier  lifetime  x  and  a  high  diffusion  coefficient 
D  are  required  to  realize  low  cost  and  high  efficiency  solar  cells.  To  this  aim,  it  is  important  to 
make  clear  the  relationship  between  minority  earner  parameters  and  solar  cell  characteristics 
experimentally.  In  this  paper,  we  will  describe  the  experimental  investigation  of  this  relationship 
for  electromagnetic  cast  polycrystalline  Si  wafers.  This  will  be  done  by  comparing  the 
experimental  results  of  the  minority  carrier  parameters  of  x  and  D  measured  by  a  novel  dual 
mercury  probe  method  [3]-[S]  with  the  measurement  of  solar  cell  characteristics  of  fabricated 
experimental  solar  cells.  We  will  show  the  good  relationship  between  these  carrier  parameters  and 
cell  efficiency.  We  will  also  show  the  correlation  between  x  and  D  across  polycrystalline  Si 
wafers. 
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Fig.  I  Measurement  setup  for  evaluating  minority  carrier  parameters  of  Si  wafers 
by  the  dual  mercury  probe  method. 


EXPERIMENTAL 

We  used  electromagnetic  cast  polycrystalline  silicon  wafers  in  the  experiment.  The  solar 
cell  material  has  advantages  of  low  contamination,  high  throughput,  and  consequent  low  cost 
potentiality,  owing  to  the  self-supporting  growth  technique  by  electromagnetic  force  without  any 
crucible.  The  average  grain  size  was  about  1 .3mm.  The  minority  carrier  parameters  of  t  and  D 
were  evaluated  by  the  dual  mercury  probe  method  as  schematically  shown  in  Fig.l.  The 
intensity-modulated  Ga^AI  i  .^As  laser  diode  beam  (K  =833  nm,  1  -10  mW,  I  -3  mm<|> )  illuminates 
a  front  surface  of  a  sample  wafer  just  above  a  reverse-biased  Hg-probe  (0.5-2  mm(t> ).  A  good 
rectifying  contact  was  obtained  even  for  a  fairly  rough  surface  of  a  polycrystalline  Si  wafer  by  a 
Hg-probe,  associated  with  soft  contact  formation.  The  dual  mercury  probe  method  can  also  be 
applied  to  low-resistivity,  p-type  Si  wafers.  The  minority  carriers  generated  near  the  front  surface 
diffuse  toward  the  back  surface  accompanying  with  the  carrier  loss  by  recombination  in  the  bulk 
and  at  the  front  surface.  Only  some  of  these  minority  carriers  reaching  the  edge  of  the  depletion 
layer  of  a  reverse-biased  Hg-contact  are  collected  by  the  Hg-probe  and  are  measured  as  a 
frequency-domain  photocurrent  (amplitude  and  phase  shift)  by  a  lock-in  amplifier  (100  kHz).  The 
measurement  was  performed  under  DC  bias  light  (50  mW/cm^).  This  method  needs  no  special 
device  and  is  almost  nondestructive.  We  can  determine  the  unique  set  of  T  and  D  from 
experimental  amplitude  or  phase  shift  data  as  a  function  of  frequency,  by  curve-fitting  using  a 
one-dimensional  analytical  photocurrent  expression.  The  theoretical  photocurrent  was  obtained  by 
solving  the  diffusion  and  current  continuity  equations.  It  has  been  confirmed  that  the  lateral 
diffusion  effect  of  minority  carriers  is  negligibly  small  for  normal  conditions.  The  detailed 
analytical  procedures  to  obtain  t  and  D  from  experimental  data  were  described  elsewhere  [5]. 
This  method  also  enables  us  to  determine  a  surface  recombination  velocity  s  at  any  surface 
portion.  Using  wafers  corresponding  to  the  samples  for  which  minority  carrier  parameters  were 
evaluated,  experimental  solar  cells  (47mmx47mm)  were  fabricated  by  standard  fabrication 
processes  including  surface  texture  etching  for  light  trapping,  antireflection  coating,  and  high-low 
back  contacts  for  a  back  surface  field  (BSF).  The  configuration  and  dimension  of  the  solar  cells 
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Contact  Pitch :  3.7min 
Sutoatrata  Thicknaaa :  ~400/nn 
CaH  Araa  :  47nim  x  47mm 

Fig.2  Configuration  of  experimental  solar  cells. 


are  shown  in  Fig.2.  The  solar  cell  characteristics,  i.e.,  an  energy  conversion  efficiency  n  ,  an 
open  circuit  voltage  Voc.  a  short  circuit  current  Isc.  and  a  fill  factor  FF,  were  measured  at  AM  1.5 
by  using  a  conventional  solar  simulator.  Then  we  investigated  the  relationship  between  the 
minority  carrier  parameters  and  the  solar  cell  characteristics. 

RESULTS  AND  DISCUSSION 

To  obtain  x  and  D,  curve-fitting  between  the  frequency-dependent  photocurrent  and  the 
theoretical  calculation  was  performed  automatically  by  a  conventional  personal  computer  based  on 
the  Newton-Raphson  method.  The  typical  result  of  curve-fitting  is  shown  in  Fig.3,  where  the 
phase  shift  data  as  a  function  of  frequency  are  used.  The  amount  of  negative  phase  shift  of  the 
photocurrent  increases  with  increasing  frequency  and  approaches  a  straight  line  indicating  a  linear 
dependence  on  the  squire  root  of  frequency  in  a  high  frequency  region.  The  open  circles  are  the 
measurement  data  and  the  solid  line  shows  the  theoretical  curve  with  the  x  and  D  determined  for 
this  sample.  It  should  be  noted  that  the  curve-fitting  is  excellent.  This  means  that  the  dual  mercury 
probe  method  is  successful  in  contacting  the  rough  surface  of  the  chemically  etched 
polycrystalline  Si  wafer  used  in  the  experiment.  The  accumulated  solar  cell  characteristics  at 
AM  1 .5  for  each  sample  are  listed  in  Table  I .  The  difference  in  q  ( 1 1  %- 1 3%)  is  mainly  due  to  Isc- 
Figure  4  shows  the  map  of  x  and  D  for  three  wafers  corresponding  to  the  solar  cells  with  different 
q  as  shown  in  Table  1.  The  repeated  data  for  the  same  wafer  were  obtained  at  different  positions 
(2mm  each).  Figure  5  indicates  the  distribution  of  x  and  D  as  a  function  of  position  on  each  wafer 
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Fig.3  Typical  experimental  result  of  photocunent 
phase  shift  vs.ffiequency)*^  characteristics 
for  the  electromagnetic  cast  polycrystalline 
Si  wafer.  The  sand-blasted  front  surface 
recombination  velocity  s  is  assumed  to  be 
lO^cm/s. 


Square  Root  of  Frequency  (Hii/s) 


sample.  We  notice  some  remarkable  characteristics  from  Figs.4  and  5.  First*  the  wafer 
corresponding  to  the  relatively  high-r^  cell  indicates  high  average  t  of  8.2  ps  as  well  as  high  D 
(av.  29.6  cm^/s)  with  smaller  deviation  than  that  of  t.  The  diffusion  coefficient  D  is  directly 
related  to  minority  carrier  mobility  in  the  grains.  It  is  said,  therefore,  that  crystallinity  inside 
grains  of  the  electromagnetic  cast  polycrystalline  Si  showing  the  high-r]  solar  cell  characteristic  is 
good  and  comparable  to  that  of  singleciystalline  Si  wafer,  and  that  the  higher  t  is  required  to 
realize  the  higher-q  polycrystalline  solar  cell.  Secondly,  the  low-q  wafer  shows  a  relatively  low 
value  of  T  (av.  1.14  ps)  and  has  some  portions  with  r  less  than  0.5  ps  and  a  correspondently  low 
D  as  shown  in  Fig.4.  The  minority  carrier  lifetime  x  is  mainly  related  to  the  amount  of  carrier 
recombination  sites  at  the  grain  boundaries  in  the  case  of  polycrystalline  Si  wafers.  The 
deterioration  of  T  is  due  to  segregation  of  impurities,  e.g.,  heavy  metals  and/or  accumulation  of 
defects,  at  grain  boundaries.  Purer  starting  Si  material  and  more  precise  temperature  control 


n(%) 

FF 

#80 

mBBM 

0.732 

#116 

0.723 

#95 

10.96 

0.717 

TaWe  1  Solar  cell  characteristics  at  AM  1.5  for  the  different  electromagnetic 
cast  poly  crystal  line  Si  wafers. 
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Fig.4  Minority  carrier  lifetime  t  versus  diffusion  coefficient  D  for  the  different 
EM  cast  polycrysialline  Si  wafers  corresponding  to  the  solar  cells  listed  in 
Table  1. 


Fig.5  Spatial  distribution  of  (a)  minority  carrier  lifetime  x ,  and  (b)  diffusion 
coefficient  D  for  the  different  EM  cast  polycrystalline  Si  wafers 
corresponding  to  the  solar  cells  listed  in  Table  1 . 
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during  EM  casting  are  therefore  required  to  realize  high  efficiency  EM  cast  polycrystalline  Si  solar 
cells.  Thirdly,  D  drastically  decreases  with  decreasing  t  when  the  value  of  x  is  less  than  about 
2tis  as  shown  in  Fig.4.  This  suggests  that  when  the  density  of  impurities  and/or  defects  at  grain 
boundaries  exceeds  a  certain  threshold,  the  crystallinity  degrades  rapidly  proportional  to  the 
concentration  of  the  defects/impurities.  From  these  observations,  not  only  high  average  value  of  t 
and  D  is  needed  but  also  removal  of  regions  of  low  t  and  D  is  necessary  to  realize  high  efficiency 
polycrystalline  solar  cells.  In  addition,  minority  carrier  characterization  by  the  almost 
nondestructive  dual  mercury  probe  method  is  useful  for  screening  solar  cell  materials  and  for 
developing  high  efficiency  solar  cells. 

CONCLUSION 

We  have  experimentally  investigated  the  relationship  between  minority  carrier  parameters 
(T ,  D)  and  solar  cell  characteristics  (ri,  Vqc,  I$c)  by  using  electromagnetic  cast  polycrystalline  Si 
wafers.  Experimental  results  reveal  the  good  relationship  between  these  carrier  parameters  and 
cell  efficiency.  The  wafer  corresponding  to  the  high-q  cell  indicates  high  average  t  and  high 
average  D  with  small  deviation.  The  iow-T|  wafer  includes  some  inferior  portions  with 
considerably  low  x  and  D  and  shows  low  value  of  both  t  and  D.  The  minority  carrier  diffusion 
coefficient  D  rapidly  decreases  with  decreasing  T  when  x  is  less  than  around  2  ps.  In  contrast,  in 
the  case  of  x  more  than  about  2  ps,  D  slowly  increases  with  increasing  t.  High  efficiency 
polycrystalline  Si  solar  cells  require  not  only  high  average  t  and  D,  but  also  no  poor  quality 
regions  where  x  and  D  are  low. 
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ABSTRACT 

Many  recent  studies  of  the  highlighted  problem  of  visible-range  photoluminescence  of 
porous  silicon  (po-Si)  indicate  the  presence  of  hydrogen  in  this  material.  However,  its  ac¬ 
tual  role  is  not  clear  with  the  discussed  possibilities  ranging  from  passivation  of  the  surface 
defects  to  some  form  of  active  participation  in  the  photoluminescence  (PL)  mechanism 
itself.  At  the  same  time,  in  several  magnetic  resonance  studies  of  po-Si  the  so-called  P^  cen¬ 
ter,  originally  identified  with  the  <  1 1 1  >-directed  silicon  broken  bond  stabilized  at  Si/Si02 
interfaces,  has  been  reported. 

Very  recently  the  paramagnetic  state  of  molecular  hydrogen  in  bulk  silicon  has  been 
identified.  The  spin- Hamiltonian  parameters  of  the  related  Si-NL52  EPR  spectrum  appear 
to  be  identical  to  those  of  the  Pj  center.  This  observation  casts  severe  doubts  on  the 
original  interpretation  of  the  Pj  center  while,  on  the  other  hand,  offering  new  evidence  of 
a  prominent  presence  of  hydrogen  molecules  both  in  po-Si  and  at  the  Si/SiOj  interface. 
In  this  paper  the  similarities  of  Si-NL52  and  Ps  centers  are  examined  in  detail,  and  it  is 
argued  that  the  centers  are  the  same.  It  is  concluded  that  many  features  of  the  P>  center 
which  could  not  be  explained  within  the  broken-bond  model  can  be  understood  with  the 
interstitial  hydrogen  molecule  model. 


INTRODUCTION 


With  the  constantly  decreasing  dimensions  of  semiconductor  devices,  two-dimensional 
structures  like  surfaces  and  interfaces  become  increasingly  important.  The  active  centers  in 
such  structures  will  have  relatively  more  influence  on  the  quality  of  the  device.  Therefore, 
it  is  important  to  be  able  to  establish  a  microscopic  picture  of  these  centers. 


Figure  1  Microscopic  models  used 
for  Ph  (left)  and  Si-NL5S  (right). 
The  shells  of  HF  and  SHF  interac¬ 
tion  are  indicated. 


One  of  the  most  familiar  defects  in  Si/Si02  interfaces  is  the  Pj  center,  as  named  by  Nishi 
[1],  who  first  observed  it.  Later,  its  identification  to  a  silicon  dangling  bond  stabilized  at 
<11 1>  Si/Si02  interfaces  was  done  by  Poindexter  [2],  The  proposed  structure  is  depicted 
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in  Figure  1;  a  single  (therefore  paramagnetic)  electron,  localized  mainly  in  a  broken  bond. 
The  largest  term  in  the  spin  Hamiltonian  is  then  the  Zeeman  interaction  H  =  /igB  ■  g  ■  S, 
with  Hg  the  Bohr  magneton,  B  the  magnetic  field,  g  the  g  tensor,  and  5  the  electron 
spin  (S=l/2).  The  wave  function  of  the  electron  spin  has  ako  density  outside  this  p- 
electron  state  of  the  dangling  bond.  Everywhere,  where  there  is  a  nuclear  spin  the  local 
density  of  the  wavefunction  is  probed  by  the  nucleus,  because  the  hyperfine  interaction  is 
linearly  proportional  to  the  density  at  the  atomic  site.  For  the  model  of  Poindexter 
the  largest  interaction  is  expected  with  the  (nearest)  silicon  atom  to  which  the  dangling 
bond  is  connected.  In  this  way  the  observed  hyperfine  interaction  (/In  =  438  MHz,  /Ij.  = 
255)  corresponds  to  6.9%  of  an  electron  in  an  s-state  around  the  silicon  nucleus  and  53.4% 
in  p-state  [3].  Relative  to  the  defect,  the  silicon  atom  is  at  a  trigonal  (C3,,)  site  and  this 
symmetry  is  reflected  in  the  hyperfine  interaction.  A  simulation  of  the  angular  dependence 
of  the  Pt  spectrum  is  shown  in  Figure  2.  This  reveals  that  the  center  is  indeed  axially 
symmetric  around  <:  1 1 1  > . 
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Figure  2  Simulations  of  the  Si-NL5B  (thick 
trace)  and  Pi,  spectra  (thin  trace)  for  a  mi¬ 
crowave  frequency  of  23.2  GHz.  The  place  of 
the  FSB  scan  of  Figure  6  is  indicated  with  a 
dashed  line. 


The  relative  intensity  of  the  hyperfine  lines,  as  compared  to  the  Zeeman  line,  should 
confirm  that  a  single  silicon  atom  is  involved  in  the  interaction.  This  should  be  possible, 
because  the  abundances  of  the  various  isotopes  of  the  involved  atom  are  reflected  in  the 
fingerprint  spectrum.  In  a  crystal  made  of  natural  silicon  95.3%  of  the  Pi,  centers  will  have 
a  first-neighbor  silicon  atom  without  nuclear  spin,  resulting  in  a  singlet  spectrum,  i.e.  a 
Zeeman  line.  On  the  other  hand,  4.7%  of  them  will  have  a  ^*Si  atom  (/=l/2)  in  the  first 
interaction  shell,  producing  a  doublet  spectrum,  henceforth  called  the  hyperfine  (HF)  lines. 
Therefore  the  fingerprint  spectrum  allows  for  a  direct  identification  of  the  surroundings  of 
the  defect.  In  the  case  of  the  P»  center,  the  model  predicts  a  (single)  HF  line  intensity  of 
2.47%,  i.e.,  a  ratio  of  1:40.5.  The  reported  ratios  do  sometimes  come  close  to  this  value,  e.g. 
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1:67  [4].  But  also  ratios  as  high  as  1:300  [5]  have  been  observed.  This  cannot  be  understood 
within  the  broken-bond  model  of  the  P*  center. 

For  Pt  also  the  next  (super)hyperfine  (SHF)  interaction  shell  was  resolved.  In  this 
case  the  intensity  of  the  SHF  lines  (5%  to  7.5%)  indicated  the  presence  of  two  or  three 
Si  atoms  in  the  interaction  shell,  consistent  with  the  model  as  described  above  (see  also 
Pig.  1).  However,  the  reported  trigonal  spectraJ  class  of  the  SHF  interaction  [4]  cannot  be 
explained  with  the  model;  the  three  next-nearest  neighbors  in  the  model  of  Figure  1  are  on 
monoclinic  I  (Cn)  positions. 

THE  Si-NL52  SPECTRUM 

A  recent  EPR  study  of  high-dose-hydrogen-implanted  pure  silicon  [6]  revealed  a  trigonal 
spectrum  (Si-NL52)  with  a  spin  Hamiltonian,  comprised  of  an  electronic  Zeeman  term  and 
an  HF  interaction,  i.e.,  similar  to  the  Hamiltonian  used  to  describe  Pj: 

'H  =  fi^BeS  +  SAI  (1) 

The  relative  intensities  of  the  HF  lines  of  Si-NL52  depend  on  temperature  and  microwave 
power  in  a  strong  way.  Ratios  as  high  as  1:100  to  as  low  as  1:3  have  been  observed.  A 
microwave-power  dependence  of  the  individual  components  of  the  spectrum  is  depicted  in 
Figure  3.  This  reveals  that  the  changing  of  relative  intensities  cannot  be  due  to  saturation 
of  the  spectrum,  since  this  occurs  only  for  powers  higher  than  -20  dBm,  and  the  ratio  is 
already  varying  for  much  lower  powers.  Following  this  observation,  several  possible  causes 
for  the  anomalous  variation  of  the  ratio  have  been  studied: 

Defect-band  formation.  For  high  densities  of  the  defect,  the  wave  functions  have  significant 
overlap  and  the  formation  of  a  defect-band  is  expected  [7].  The  electrons  in  this  band  have 
an  isotropic  g  value,  close  to  the  free-electron  value  of  2.0023.  This  is  not  observed  for 
Si-NL52,  where  every  resonance  belongs  to  the  same  trigonal  spectrum. 

30 
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Figure  3  Microwave  power 
dependence  of  the  Zeeman 
I  and  HF  components  of  Si- 
g  NL52.  The  ratio  is  chang- 
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Nudear  core  polarization  (NCP).  For  8=1/2  and  1=1,  the  level  diagram  of  Eq.l  is  drawn 
in  Figure  4.  At  low  temperatures  (4  K),  the  spin  systems  preferably  are  in  the  lowest  three 
levels  (m5=  —1/2),  with  a  negligible  inhomogeneity  in  the  distribution  over  the  different 
nudear  states.  The  ratio  of  the  occupancy  of  the  lower  levels  and  the  higher  levels  is 
determined  by  the  Boltzmann  factor  x  =  «  13  ^t  T=4.2  K.  The  most  important 

relaxation  for  the  electron  spins  is  then  the  cross-relaxation  (Ax)  in  which  simultaneous 
change  of  the  electron  and  nuclear  spins  occurs,  while  conserving  total  spin.  Apart  from 
this  relaxation  path  also  electronic  (Ag)  and  nudear  (Aar)  relaxations  are  to  be  considered, 
although  they  are  of  less  importance.  The  differential  equations  then  have  the  form: 


dN,/dt  =  Aaf(N2-Ni) 

dNj/dt  =  Aa,(N3-N,)  -  Aa,(Nj-Ni) 

dN3/dt=  -Aa,(N3-N2) 

dN4/dt=  Aa,(N5-N4) 

dNs/dt  =  Aa,(N6-Ns)  -  Aa,(N5-N4) 

dN6/dt=  -Aaf(N6-N5) 


-h  A£(zN«-N,) 
-I-  Ae(xN5-N3) 
-1-  A£(xN4-N3) 

-  Ae(iN4-N3) 

-  A£(iN5-N2) 

-  Ae(xN6-N,). 


-I-  Ax(iNs-Ni) 

-t-  Ax(iN4-N3) 

-  Ax(xN4-N,) 

-  Ax(iNs-N,) 


(2) 


“(1)  nr%“V4,  mi—  — 1 


—  V4,  mi— 


Figure  4  Level  diagram  of 
the  Hamiltonian  os  in  equation 
1.  The  relaxations  are  indi¬ 
cated  with  Aar,  Xe  <knd  Ax  for 
nuclear,  electronic  and  cross¬ 
relaxations,  respectively.  Reso¬ 
nant  (EPR)  transitions  are  la¬ 
beled  with  Ar. 


Without  an  external  resonant  (microwave)  field,  the  steady-state  solution  of  the  coupled 
set  of  equations  is  the  thermal  equilibrium  distribution:  Ni=Nj=N3  =  iN/(3-)-3z)  and 
N4=N5=N6  =  N/(3-f-3x),  with  N  being  the  total  number  of  spin  systems.  When  the  external 
field  is  resonant,  two  extra  terms  are  added.  For  example,  the  resonance  1  «->6  gives  an  extra 
transition: 


dN,/dt'  =  dN,/dt  -I-  Ar(N6  -  N, )  (3) 

dNe/dt'  =  dNe/dt  -  Ar(N6  -  N,), 

where  Ar  is  the  quasi  relaxation,  depending  on  the  power  of  the  applied  microwave  field.  The 
intensity  of  the  EPR  signal  is  linearly  proportional  to  the  number  of  resonant  transitions: 

Iepr  ~  Ar(N6  —  Ni).  (4) 
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As  an  example,  the  numerical  solution  of  the  equations  as  described  above,  with  i=4, 
A;v=10“®,  A£;=:10”^,  A;r=10”*,  and  Afl=0.1  yields  an  EPR  intensity  ratio  of  1.55:0.86:0.59. 
The  saturation  of  the  EPR  lines  distorts  the  normal  ratio  (1:1:1)  in  an  asymmetrical  way. 
In  Figure  5a  this  distortion  is  depicted  in  comparison  with  the  low-microwave-power  spec¬ 
trum,  while  Figure  5b  shows  the  line  intensities  as  a  function  of  the  stimulated-transition 
probability,  which  is  a  measure  of  the  microwave  power.  Other  values  of  the  relaxation 
parameters  Ajv,  A^,  and  Xx  w'ill  give  different  ratios,  but  the  asymmetry  always  remains. 
This  is  not  observed  for  Si-NL52,  thus  ruling  out  NCP  as  a  possible  cause  for  the  changing 
of  the  relative  intensities  of  the  Si-NL52  components. 


Stimulated-Trsasition 
ProtMbUity  (**l-og  X.) 


Figure  5  a)  Low  power  spectrum  (top  trace)  and  saturated  s  ectrum  (bottom  trace). 
The  nuclear  spin  is  polarized  by  the  microwaves,  b)  Microwaue-power  dependence  of 
the  individual  line  intensities. 


Ortho  and  para  hydrogen.  Molecular  hydrogen  has  two  forms;  ortho  hydrogen  with  parallel 
nuclear  spins  (/=1)  and  para  hydrogen  with  anti  parallel  spins  (/=0).  Assuming  Si-NL52 
arises  from  a  (charged)  hydrogen  molecule,  the  changing  of  relative  intensities  of  the  parts 
of  the  spectrum  can  be  explained  as  an  induced  conversion  of  the  ortho-hydrogen  molecules, 
responsible  for  a  HF  triplet  spectrum,  to  para-H^,  producing  a  Zeeman  singlet  spectrum, 
and  vice  verso. 


FIELD-SCANNED  ELECTRON  NUCLEAR  DOUBLE  RESONANCE 

The  method  of  field-scanned  ENDOR  (FSE)  provides  a  way  to  increase  the  resolution 
of  the  EPR  spectrum,  because  it  distills  that  part  of  the  EPR  spectrum  which  has  nuclear 
magnetic  resonance  (NMR)  at  a  selected  frequency  (8).  This  simplifies  the  complicated 
lineshape  of  the  Si-NL52  spectrum,  as  can  be  seen  in  Figure  6.  Here  an  FSE  scan  is  shown 
in  comparison  with  the  original  EPR  spectrum  for  a  direction  of  the  magnetic  field  close 
to  <011>.  The  FSE  scan  shows  the  Zeeman  line  (825.0  mT),  an  HF  line  (829.6  mT)  and 
two  sets  of  SHF  lines.  The  distance  of  the  two  outermost  SHF  lines  is  1.60  mT  (A=:45 
MHz),  while  their  intensities  indicate  an  interaction  with  a  shell  of  two  silicon  atoms.  This 
is  consistent  with  the  model  as  depicted  in  the  right  part  of  Figure  1 ,  where  the  first  SHF 
shell  contains  two  Si  atoms  on  the  extended  <11 1>  H-H  bond  axis. 
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Figure  6  EPR  (thick  trace)  and 
FSE  (thin  trace)  of  Si-NL52  at  a 
magnetic  field  angle  5“  from  <01 1>. 


CONCLUSIONS 

The  Si-NL52  and  Pj  spectra  show  remarkable  similarities,  because:  I)  they  have  the 
same  spin  Hamiltonism  and  spin- Hamiltonian  parameters,  resulting  in  a  similar  angular 
dependence  (Fig.  2),  2)  show  the  same  anomalous  varying  of  the  HF-to-Zeeman  intensity 
ratio,  and  3)  have  identical  SHF  structure.  The  distance  of  the  SHF  lines  is  equal  to  the 
distance  observed  for  Pj,  while  their  intensity,  now  measured  accurately,  is  within  the  error 
margins  as  mentioned  before  [5].  We  therefore  conclude  that  Si-NL52  and  P^  both  represent 
basically  the  same  defect. 

On  the  other  hand  the  experimental  data  can  be  better  explained  in  the  framework  of 
the  model  of  a  paramagnetic  hydrogen  molecule  located  at  an  interstitial  site  as  indicated 
in  Figure  1.  Namely,  the  new  model  can  explain  the  varying  of  the  HF-to-Zeeman  intensity 
ratio,  by  assuming  a  conversion  between  ortho  and  para  Hj,  and  it  can  explain  the  symmetry 
and  the  intensity  of  the  SHF  structure.  We  therefore  propose  the  same  model  of  interstitial 
H}  for  Ps.  Since  Ps  is  detected  at  Si/SiOj  interf^u:es  and  porous  silicon,  such  a  conclusion 
implies  evidence  for  the  presence  of  hydrogen  at  such  places. 
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ABSTRACT 

Progress  is  rep<Hted  in  developing  reliable  methodology  for  imaging  silicon  surfaces  with  the 
atomic  force  microscope  (AFM).  A  new  form  of  AFM,  known  as  tapping  mode  AFM,  has  been 
found  to  provide  the  best  quality  data  for  surface  rou^ess  determinations.  Commercially 
available  colloidal  gold  spheres  have  been  used  to  fabricate  tip  characterization  standards  and  are 
used  to  report  tip  size  with  roughness  data.  Power  spectral  density  calculations  are  shown  to 
provide  a  useful  roughness  calculation  based  on  lateral  wavelength. 


INTRODUCTION 

Surface  roughness  measurements  of  silicon  surfaces  are  critical  to  a  number  of  technologies  in 
semiconduaor  device  manufaauring.  Light  scanning  or  interferometric  methods  have  been  used 
to  determine  roughness  with  sub-nanometer  height  precision;  however,  lateral  resolution  has 
been  limited  to  the  micron  scale  with  these  methods.  The  invention  of  the  atomic  force 
microscope  (AFM)  in  1986  [1]  provided  a  new  high  resolution  profllometry  tool  to  access  lateral 
dimensions  down  to  the  nanometer  scale,  with  atomic  resolution  rqrorted  [2].  The  priiKiple  of 
AFM  involves  tracing  the  sample  topography  with  a  sharp  stylus  and  generating  a  three- 
dimensional  topographic  map  of  the  surface,  with  resolution  primarily  limited  the  diameter  of 

the  stylus  tip.  Quantitative  measurement  of  surface  roughness  can  be  made  with  the  AFM  [3,4]. 

Ideally,  the  stylus  applies  a  sufficiently  low  force  (typically  nanoNewtons)  so  as  not  to  damage 
the  sample  during  the  imaging  experiment.  However,  silicon  surfaces  have  been  found  to  be 
especially  susceptible  to  damage  by  dp-sample  interacdons.  Artifacts  are  easily  generated,  and 
methodologies  for  reliably  obtaining  accurate  topographic  data  have  not  been  widely  reported.  In 
addition,  dp  characterization  standards  and  procedures  have  not  been  generally  available,  even 
though  the  tip  size  and  shape  can  have  a  significant  effect  on  silicon  roughness  measurements. 

In  the  course  of  studies  aimed  at  detemuning  the  effect  of  chemical  vapor  cleaning  agents  on 
silicon  surfaces  [3,6],  we  have  developed  methodology  for  obtaining  reliable  images  of  silicon 
for  characterization  of  surface  roughness.  Progress  in  our  ongoing  study  is  reported  here  in  three 
areas:  obtaining  accurate  topographic  data,  characterizing  the  AFM  tip  used  for  imaging,  and 
exploring  new  methods  for  calculating  relevant  surface  roughness  parameters  from  AFM  data. 
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EXPERIMENTAL 


AFMImapng 

Contact-mode  AFM  was  done  using  a  Digital  Instnunents  NanoScope  ID  AFM  using  "oxide 
sharpened"  silicon  nitride  pyramidal  tips  on  0.06  NAn  force  constant  cantilevers  [7],  Imaging 
was  done  in  air,  and  applied  forces  of  under  30  nN  were  used.  At  applied  forces  above  30  nN, 
damage  was  induced  on  silicon  surfaces.  Tailing  mode  AFM  was  done  in  air  with  a  Digital 
Instruments  Multi-Mode  AFM  using  etched  single  crystal  silicon  tips.  For  both  types  of 
experiments,  IS  ^m  scanners  were  used,  which  were  calibrated  with  1  p  gold  rulings  [7]  for 
lateral  calibration  and  with  20  A  silicon  oxide  height  standards  for  z-axis  calibration  [8]. 

Experiments  were  typically  done  in  the  following  sequence.  First  a  series  of  one  micron  square 
images  were  obtained,  then  a  single  two  micron  square  image  was  taken.  Often  when  significant 
tip-sample  interaction  had  occurred  in  the  one  micron  scans,  a  one  micron  "scan  square"  was 
observed 'm  the  two  micron  image.  Other  tests  for  damage  to  the  surface  included  looking  for  a 
change  in  roughness  (Ra  or  RMS)  in  the  sequential  one  micron  scans,  and  checking  the 
roughness  in  sub-areas  of  the  two  micron  image  to  see  if  the  area  within  the  one  micron  patch  of 
repeatedly  scanned  surface  yielded  different  surface  roughness  values  than  the  surrounding 
surface  that  had  only  been  scanned  once.  In  several  cases,  images  without  any  obvious  damage 
did  appear  to  have  undergone  a  change  that  was  detected  by  these  tests,  and  topographic 
information  from  these  data  was  not  reliable. 

AFM  Tip  Characterization 

Uncoated  AFM  tips  were  imaged  in  a  JEOL  6300  field  emission  scanning  electron  microscope 
with  an  accelerating  voltage  of  2  kV,  which  allowed  magnification  up  to  50,000x.  For  critical 
measurements,  tips  were  analyzed  before  and  after  AFM  imaging  to  determine  whether  gross 
damage  had  occurred  and  to  estimate  tip  diameter.  In  addition,  a  tip  characterization  standard  was 
generated  using  colloidal  gold  spheres  deposited  on  mica  with  l-lysine  according  to  a  recently 
published  method  [9,10].  Standards  typically  consisted  of  a  dispersion  of  three  diameters  of 
gold  spheres  of  roughly  7, 14,  and  21  nm  diameter.  To  obtain  roughness  measurements  that  can 
be  compared  between  samples  and  analysts,  our  imaging  protocol  has  evolved  to  include  AFM 
imaging  of  this  tip  standard  after  roughness  analysis  to  provide  a  criteria  of  tip  size  and  shape. 

Surface  Roughness  Calculations 

Surface  roughness  was  determined  in  three  ways  for  the  AFM  images  of  silicon  surfaces.  Ra 
(average  roughness,  the  average  of  absolute  values  of  surface  height  variations),  RMS  roughness 
(square  root  of  the  mean  of  squares  of  distances  from  the  mean  surface  level)  and  pr  wa  spectral 
density  were  deteimlned  using  algorithms  in  the  NanoScope  III  software  [7].  Po>ver  spectral 
density  is  a  method  for  calculating  the  magnitude  of  roughness  as  a  function  of  lateral 
wavelength,  according  to  the  following  relation  for  a  three-dimensional  data  set  [1 1-13]; 

PSD  =  W  (p,q)  =  1  /  A  (jt/2  /dx  /dy  e'(P=‘+«')  z  (x,y)]2  (1) 

where  PSD  is  the  power  spectral  density  function  in  units  of  length^,  p  and  q  are  the  lateral 
frequencies  in  inverse  length  units,  I  is  the  scan-length,  and  A  is  the  scan  area. 
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RESULTS  AND  DISCUSSION 
AFM  Imayiint  Methodology 

Imaging  of  silicon  surfaces  with  contact  mode  AFM  was  found  to  be  extremely  sensitive  to  the 
force  applied  in  the  experiment  When  the  applied  force  was  over  30  nN,  damage  to  the  silicon 
surface  was  detected,  either  as  obvious  scan  squares  in  subsequent  2  micron  scans  or  by  testing 
the  roughness  as  described  in  the  Experimental  section.  In  all  cases  (over  30  sets  of  experiments) 
an  applied  force  of  under  30  nN  appeared  to  yield  attifact-fiee  data.  Humidity  proved  to  be  an 
important  factOT  in  imaging  as  well;  higher  humidity  in  die  lab  auno^here  ai^ieared  to  correlate 
with  increased  sur^e  damage  during  scanning.  With  sufficient  care  to  minimizing  the  af^lied 
force,  contact  mode  AFM  could  be  successfully  used  to  obtain  surface  roughness  data. 

Tapping  mode  AFM  features  a  decrease  in  lateral  dp-surface  interacdons  because  the  dp  is  not  in 
continuous  contact  with  the  surface.  In  this  manner,  chemical  interacdons  and  physical  fricdon 
forces  are  reduced.  In  this  work,  a  majority  of  experiments  with  tapping  mode  yielded  artifact- 
free  images.  A  few  experiments  did  result  in  a  "scanning  square"  as  seen  more  commonly  in 
contact  mode  AFM,  so  it  was  sdll  necessary  to  check  the  data  to  confirm  that  the  surface  was  not 
changed  by  the  scanning. 

A  key  parameter  in  tapping  mode  is  the  state  of  the  probe  dp.  Tapping  mode  dps  are  single 
crystal  etched  silicon  probes  with  dp  diameters  under  20  nm.  These  dps  proved  fragile  in  use 
and  could  not  typically  be  reused  for  more  than  several  experiments  without  risking  damage.  Tip 
characterizadon  after  silicon  imaging  became  a  cridcal  means  of  determining  the  validity  of 
tapping  mode  data,  since  broken  dps  were  found  to  yield  seemingly  artifact-free  data  with  lower 
roughness  than  was  actually  present  The  combination  of  tapping  mode  AFM  with  proper 
characterizadon  of  the  probe  tip  proved  to  be  the  most  effective  means  of  obtaining  reliable, 
reproducible  images  of  silicon  surfaces  for  roughness  analysis. 

rharartwi7iition  of  AFM  Ptobc  Tips 

Comparison  of  data  is  difficult  if  the  dp  size  and  shape  are  not  known  since  a  sharper  probe  dp 
will  allow  smaller  features  to  be  measured  during  an  imaging  experiment  and  toughness  will  be 
larger,  other  things  being  equal.  For  example,  the  contact  mode  AFM  results  caruiot  be 
compared  to  the  tapping  mode  AFM  data  since  contact  mode  uses  23-50  nm  diameter  silicon 
nitride  pyramidal  dps,  while  tapping  trxxle  uses  <  20  nm  diameter  etched  single  crystal  silicon 
probes.  For  this  reason,  contact  mode  results  are  less  tough  than  tapping  mode  data  for  the  same 
sample.  The  roughness  measured  in  any  experiment  is  only  the  minimum  roughness  that  could 
be  accessed  with  a  particular  probe.  Tip  characterization  was,  therefore,  considered  cridcal  for 
reproducible  roughness  measurements,  as  well  as  a  diagnostic  that  should  be  reported  with 
toughness  data. 

Field  emission  SEM  proved  to  be  valuable  for  obtaining  a  macroscopic  view  of  the  dp  size  and 
shape,  and  an  example  is  shown  in  Figure  1.  We  also  worked  with  a  "dp  standard"  which  was 
fabricated  from  commocially  available  colloidal  gold  spheres  and  was  used  to  characterize  dps 
after  roughness  measurements  [10].  This  procedure  provided  a  stable,  reusable  standard. 


393 


Figure  1.  Field  emission  SEM  images  of  tapping  mode  AFM  tips  (etched  silicon  single  crystal). 
A  damaged  tip  with  debris  attached  is  shown  in  (a),  while  an  image  of  a  good  tip  is  shown  in  (b) 
(slightly  distorted  by  charging  effects).  Tips  were  also  characterized  by  imaging  colloidal  gold 
splwies  on  mica;  (c)  is  a  300  nm  image  generated  with  tip  (a)  which  yielded  triangular  pictures  of 
6  and  13  nm  gold  spheres,  while  in  image  (d)  tip  (b)  revealed  uniform  21  and  6  nm  ^heres. 


(a)  (b) 


Section  (profile)  plots  allow  direct  estimates  of  the  size  and  shape  of  the  AFM  tip  to  be  made.  In 
Figure  Ic,  images  of  14  nm  diameter  spheres  show  the  diameter  is  over  SO  nm  for  a  damaged  tip, 
while  Figure  Id  yields  a  calculated  tip  diameter  of  under  20  nm.  The  spheres  are  particularly 
useful  since  the  heights  provide  their  diartKter  directly  when  dispersed  on  mica.  It  should  be 
possible  to  directly  calculate  the  tip  size  and  shape  from  the  images,  and  to  use  these  parameters 
to  reconstruct  the  original  topography  in  images  obtained  with  each  characterized  tip,  in  an 
analogous  manner  to  a  published  report  (14). 
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Figure  2.  Tq)ping  mode  AFM  images  of  p-type  Si(lOO)  surfaces  after  (a)  RCA  cleaning  and  (b) 
HF  cleaning.  Scan  areas  are  300  nm,  with  z-axis  height  of  2  nm.  Power  spectral  density 
analysis  of  the  images  are  shown  in  (c)  and  (d),  respectively. 


Comparison  of  Wet  Oeans 

Data  were  obtained  by  tapping  mode  AFM  to  detent^  the  effect  of  various  wet  cleans  on  a  p- 
type  silicon  (100)  surface.  Images  for  RCA  and  HF  cleaned  surfaces  are  shown  in  Figure  2a-b. 
(Qualitatively,  the  images  suggest  that  the  RCA  clean  induces  more  roughness  on  the  surface, 
though  the  HF  clean  seems  to  induce  a  waviness  with  longer  spacing.  Ra  and  RMS  roughness 
calculations  show  the  RCA  clean  causes  a  rougher  surface  than  HF,  and  power  spectral  density 
calculations  appear  to  confirm  this  at  a  small  lateral  wavelength  (10  nm).  However,  PSD  reveals 
that  at  a  longer  wavelength  of  100  nm,  the  roughness  spears  to  actually  be  higher  for  the  HF 
cleaned  surface.  Work  is  in  progress  to  determine  the  error  and  statistical  significance  of  this 
difference  in  PSD  values.  Depending  on  latoal  wavelength  of  importance  to  a  particular 
manufacturing  inocess,  this  (hstinction  could  be  critical,  and  illustrates  the  value  of  power 
spectral  density  analysis. 


SUMMARY  AND  CONCLUSIONS 


I 


We  have  discussed  silicon  surface  roughness  analysis  by  AFM.  including  nnethodology  for 
obtaining  images,  AFM  tip  characterization,  and  improved  calculation  of  surface  roughness  using 
power  spectral  density.  Silicon  surface  imaging  worked  best  with  tailing  mode  AFM.  Tip 
characterization  by  field  emission  SEM  as  well  as  a  tip  standard  generated  from  colloidal  gold 
spheres  helped  us  understand  die  size  and  shape  of  the  tip  used  in  AFM  imaging  experiments. 
Finally,  power  spectral  density  calculations  provide  an  improved  understanding  of  roughness 
based  on  lateral  wavelength. 
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ABSTRACT 

We  have  characterized  the  surface  topography  of  silicon  films  from  different  deposition  and 
doping  process  sequences  using  AFM  and  optical  reflectivity.  The  resulting  surface  structures 
after  ^position,  doping,  oxide  growth,  and  oxide  removal  correlate  with  the  electrical  leakage 
currents  and  breakdown  voltages  of  double  polysilicon  capacitors.  As-deposited  amorphous 
films  had  smoother  surfaces  than  those  deposited  in  the  crystalline  state.  Gas-phase  diffusion 
doping  increases  the  surface  roughness.  Only  the  amorphous  in  situ  doped  films  retained  a 
srnoo^  surface  following  oxidation,  yielding  low  leakage  capacitors  with  breakdown  fields 
above  8  MV/cm.  Surprisingly,  implanted  amorphous  films  exhibited  the  roughest  interfaces, 
resulting  in  lower  breakdown  fields.  This  study  has  shown  that  AFM  provi^s  an  effective, 
quick,  non-destructive  diagnostic  technique  for  semiconductor  processing. 


INTRODUCTION 

The  surface  of  polysilicon  is  critical  for  the  formation  of  double  polysilicon  structures  for 
advanced  EPROM  and  EEPROM  circuits.  The  yield,  performance,  and  reliability  of  these 
circuits  reflects  the  quality  of  both  the  thin  tunnel  oxides  and  the  interpoly  dielectrics.  In  turn, 
these  dielectric  properties  depend  upon  the  surface  roughness,  microstructure  and  dopant 
concentration  of  the  polysilicon  layers  which  are  affected  by  the  deposition  temperature  and 
pressure,  the  doping  process,  chemical  cleaning,  and  subsequent  oxidation  processes  [1-3]. 
Surface  asperities  in  the  underlying  polysilicon  film  may  increase  leakage  currents  and  cause 
low-field  electrical  breakdown.  Therefore,  control  of  the  polysilicon  surface  topography  is 
important  for  future,  scaled  circuits  with  thinner  dielectrics. 

The  surface  roughness  of  polysilicon  films  has  been  characterized  using  optical  reflectivity  as 
well  as  SEM  and  TEM  analysis  [2].  The  development  of  atomic  force  microscopy  (AFM)  in 
recent  years  [4,5]  has  resulted  in  a  sensitive  technique  to  characterize  surface  topography.  AI^ 
can  scan  large  areas  with  high  vertical  magnifications  that  yields  a  more  direct  and  quantitative 
measurement  of  surface  properties  than  other  techniques.  Since  AFM  analysis  is  performed  at 
atmospheric  pressure  and  is  non-destructive,  it  can  be  implemented  as  a  manufacturing  technique 
to  evaluate  and  monitor  film  characteristics. 

In  this  study  the  surface  morphology  of  deposited  silicon  films  from  a  wide  array  of  potential 
processing  conditions  for  double  polysilicon  products  was  investigated.  These  films  were 
characterized  using  both  AFM  and  optical  reflectivity.  In  addition,  we  have  fabricated  capacitors 
and  evaluated  their  electrical  properties  to  correlate  with  the  AI^  results. 


EXPERIMENTAL  PROCEDURES 

The  250  nm  thick  silicon  films  were  deposited  in  a  horizontal  LPCVD  system  over  a  15  nm 
gate  oxide  grown  on  125  mm  silicon  wafers.  The  initially  amorphous  films  were  deposited  at 
S50‘’C,  while  the  crystalline  films  were  deposited  at  625°C.  In  situ  doped  films  were  produced  at 
both  temperatures  using  a  mixture  of  SiH4  and  PH3.  One  set  of  undoped  films  from  each 
temperature  was  subsequently  doped  using  PH3.  gas-phase  diffusion.  Following  the  diffusion 
process,  the  doped  oxide  formed  on  these  wafers  was  removed  in  HF  acid.  A  second  set  of 
undoped  films  was  doped  using  As  implantation  at  40  KeV  to  a  dose  of  7.0  x  10^^  cm*2.  The 
implant  was  done  through  a  20  nm  screen  oxide  that  was  deposited  using  CVD  TEOS  at  650°C 
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to  minimize  contamination.  The  deposition  temperature  was  kept  as  low  as  possible  to  avoid 
significant  polysilicon  film  grain  restructuring,  but  6S0°C  was  sufficient  to  initiate 
recrystallizabon  of  the  amorphous  silicon  films.  oxide  was  than  removed  after  the  implant 
using  a  buffered  oxide  etch  (BOE)  with  a  short  oveietch  to  minimize  chemical  roughening  of  the 
surface. 

Six  different  polysilicon  (PI)  deposition  and  doping  combinations  were  produced.  The 
conditions  are  summarized  in  Table  I  along  with  the  acronyms  for  the  sample  ID's. 
Representative  amoiphous  films  were  annealed  at  900°C  for  40  sec  to  allow  film  thiclmess  and 
sheet  resistance  measurements.  Following  the  PI  processing,  the  wafers  were  oxidized  at 
1000°C  in  a  dilute  Ar-02  ambient  to  produce  18-30  nm  thick  polyoxides.  Wafers  for  AFM 
analysis  were  removed  from  the  process  at  this  step.  Capacitor  fabrication  was  then  completed 
by  depositing  a  second,  polysilicon  (P2)  layer  (at  62S°C)  that  was  highly  doped  using  gas-phase 
diffusion.  This  process  step  had  no  effect  on  the  capacitor  characteristics.  Capacitor  areas  were 
defined  using  photolithography  and  etch  processes  and  ranged  from  0.03  to  0.1  S  cm^.  These 
capacitors  were  electrically  characterized  using  CV's  to  determine  the  oxide  thickness  and  IV's  to 
measure  leakage  currents  and  breakdown  ftel&  (BF).  Leakage  currents  are  characterized  by  the 
critical  field  (CF)  at  a  current  density  of  1.0  )iA/cm^. 

Surface  topography  was  characterized  using  a  scanning-probe  atomic  force  microscope.  All 
the  scans  were  made  in  air  at  room  temperature.  Surface  topography  analysis  utilizes  a  contact¬ 
mode  of  operation.  The  repulsive  force  was  small  enou^  (»  10‘8  to  10'^  N)  to  prevent  damage 
to  the  surface.  The  data  were  recorded  in  real  time  with  a  PC  and  displayed  as  a  colored  image 
without  any  processing.  A  scanned  area  of  5  Hm  X  S  pm  is  used  for  comparison.  AFM 
measures  the  surface  roughness  parameters  of  Zr  and  RMS,  where  Zf  is  the  difference  between 
the  highest  and  lowest  points  within  the  given  area,  and  RMS  is  the  root  mean  square  of  the 
surface  deviations. 

Optical  reflectance  measurements  were  performed  on  the  same  samples  that  were  used  for 
AFM  analysis.  The  reflectance  measurements  were  performed  at  a  wavelength  of  3^  nm  on  a 
spectrophotometer,  which  has  been  shown  to  provide  good  correlation  to  surface  roughness  in 
spite  of  the  differences  in  the  refractive  index  between  films  12).  Reflectances  were  normalized 
to  values  from  a  bare  silicon  reference  wafer. 


RESULTS 
AFM  Measurements 

The  surface  topography  was  characterized  after  four  process  steps.  First,  the  initial  film 
surface  was  evaluated  following  the  deposition  process.  Second,  the  silicon  films  were  measured 
after  the  doping  step.  Third,  the  surface  parameters  of  the  thermally  grown  polyoxide  were 
determined.  Fourth,  the  polysilicon  surface  was  analyzed  after  removing  the  polyoxide.  The 
oxide  surface  was  evaluated  since  the  polyoxide/P2  interface  is  critical  for  electron  injection 
from  the  top  layer,  while  the  bottom  polysilicon  surface  (Pl/oxide)  affects  electron  injection 
from  the  bottom  surface.  The  RMS  roughness  values  are  summarized  in  Table  I.  It  should  be 
noted  that  the  Zr  values  exhibit  the  same  trends  as  the  RMS  values,  but  with  larger  numerical 
differences.  Figure  1  shows  the  evolving  AFM  images  following  the  deposition  and  doping  step, 
after  the  polyoxidation  and  after  removing  the  polyoxide.  The  top  row  is  for  amorphous  in  situ 
(a-ISD),  while  the  second  row  shows  crystalline  in  situ  films  (p-ISD).  The  a-ISD  films  only 
changed  slightly  during  these  three  process  steps.  In  contrast,  the  p-ISD  films  (Fig.  1,  2nd  row) 
were  significantly  rougher  after  the  deposition  with  increasing  surface  roughness  after  the 
subsequent  process  steps.  Note  that  the  vertical  scale  of  the  last  image  in  the  2nd  row  is  double 
that  of  the  other  images.  The  3rd  and  4th  rows  of  figure  1  show  diffusion-doped  polycrystalline 
films  or  ion  implanted  amorphous  films,  respectively.  The  diffusion-doped  films  exhibit 
significant  surface  topography,  but  little  change  with  oxidation  or  oxide  removal.  Nearly 
identical  surfaces  were  observed  for  the  a-DD  fitai.  The  amorphous  films  were  initially  smooth 
(Table  I)  and  remained  smooth  following  the  implantation.  However,  the  resulting  surfaces  of 
the  implanted  films  (Fig.  1, 4th  row)  are  extremely  rough  after  oxidation  and  oxide  removal. 
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Figure  2  is  a  plot  of  the  RMS  surface  roughness  for  the  six  nim  combinations  and  the  three 
process  steps.  From  these  results  it  is  clear  that  the  a-ISD  films  result  in  the  lowest  RMS 
roughness  value  for  all  process  steps.  In  contrast,  the  p-ISD  films  exhibit  the  roughest  surfaces 
following  oxidation  and  etching,  even  though  the  as-deposited  film  is  less  rough  than  undoped 
polysilicon  (Table  I).  The  surface  topography  of  the  diffusion  doped  films  changes  less  during 
these  processes.  The  RMS  values  were  nearly  identical  for  all  three  surfaces  for  the  initially 
polycrystalline  films  (p-DD).  The  initially  amorphous  film  (a-DD)  had  a  xlO  nm  RMS 
following  the  diffusion  process,  but  became  significantly  smoother  after  the  oxidation  and  etch 
steps  with  RMS  values  comparable  with  the  p-DD  sample. 

Similar  to  the  diffusion-doped  case,  the  implanted  polysilicon  film  (p-II)  changed  little  with 
subsequent  processing.  It  appears  that  in  both  cases  the  surface  roughness  is  primarily 
determined  by  the  deposition  process.  However,  the  roughness  for  the  initially  amorphous  film 
(a-II)  increased  from  0.7S  nm  after  implant  to  8.66  nm  after  the  oxidation,  which  was 
significantly  greater  than  the  p-II  case.  The  RMS  roughness  for  the  final  PI  surface  (a-II) 
dropped  to  4.9  nm,  so  that  the  Pl/oxide  interface  is  smoother  than  the  P2/oxide  interface. 


Table  I.  Summary  of  the  RMS  surface  roughness  (nm)  of  the  initial  surface,  after  oxidation,  and 
after  removal  of  the  oxide  for  the  six  different  deposition  and  doping  conditions. 
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Optical  Reflectance  Measurements 

Table  II  summarizes  the  data  obtained  from  optical  reflectance  from  the  same  wafers  as 
repotted  in  Table  I.  For  this  data  the  higher  number  represents  the  smoother  surface.  Only  the 
data  from  the  silicon  surfaces  are  included  since  the  oxide  significantly  changes  the  surface 
reflectivity  at  this  wavelength.  The  as-deposited  amorphous  films  yield  the  highest  reflec-ivities 
and  correlate  with  the  low  RMS  values.  The  crystalline  deposited  films  have  lower  reffectance 
measurements  that  correspond  to  larger  AFM  values.  However,  the  reflectivity  data  after  doping 
and  oxide  removal  does  not  correlate  with  the  AFM  measurements.  For  example,  the  highest 
reflectivity  is  for  the  a-DD  sample  that  is  one  of  the  roughest  samples  with  an  RMS  roughness  of 
6.1  nm.  There  is  no  apparent  difference  in  surface  roughness  from  these  optical  measurements 
between  the  a-ISD,  p-DD  and  a-II  films.  However,  both  measurements  indicate  rough  surfaces 
for  p-ISD  films  which  have  the  lowest  reflectance  and  the  largest  RMS  values  after  the  oxide 
removal  step. 

Table  II.  Summary  of  the  optical  reflectance  measurements  for  surface  roughness  of  the  initial 
surface  and  after  removal  of  the  oxide  for  the  six  deposition  and  doping  conditions. 
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DEPOSITION 


OXIDATION 


OXIDE  REMOVAL 


Fig- 1.  AFM  images  of  Si  films  for  four  doping  conditions  and  three  «i*n« 
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Electrical  Characteristics 


The  CF's  and  BFs  for  both  -•■P2  and  -P2  are  plotted  in  Fig.  3  for  five  film  combinations. 
These  fields  are  asymmetric  indicating  diflferent  interface  characteristics  at  the  injecting 
electiotte.  The  -t-Pl  bias  evaluates  the  properties  of  the  bottom  (PI)  interface,  while  the  -P2  bias 
examines  the  oxide/P2  interface.  The  first  two  film  types  are  for  in  situ  doped  processes.  Both 
tlm  CFs  and  the  BFs  are  significantly  lower  for  films  deposited  in  the  ciystklline  phase  (p-ISD). 
These  lower  fields  correlate  with  increased  RMS  roughness  values  (Fig.  2)  from  the  AFM 
analysis.  Thus,  the  surface  roughness  correlates  with  the  electrical  parameters  for  these  in  situ 
dop^  films. 

The  third  set  of  CFs  and  BFs  (Fig.  3)  is  for  crystalline  films  that  were  diffusion  doped.  Note 
that  for  these  ^ms  the  -t-P2  field  is  lower  than  the  -P2  field,  in  contrast  with  the  in  situ  doped 
films.  Ihe  BFs  are  nearly  identical  for  both  polarities.  The  corresponding  roughness  values 
(Fig.  2)  do  not  change  during  the  three  successive  process  steps. 

The  last  set  of  data  points  in  Fig.  3  is  for  implanted  Si  films  (a-D  and  p-II).  Both  films  have 
similar  positive  and  negative  CFs  of  about  -t-S.O  and  -6.4  MV/cm,  respectively.  In  contrast,  the 
BFs  for  the  a-II  are  the  lowest  of  all  film  types  and  are  significantly  lower  than  the  BFs  for  the 
p-D  films.  The  corresponding  RMS  surface  roughness  for  the  PI  surface  (after  oxide  removal)  is 
4.9  nm  for  the  a-II  which  is  comparable  to  the  S.37  nm  for  the  p-II  films.  However,  these  RMS 
values  do  not  correlate  with  the  positive  BFs  that  are  30%  larger  for  the  crystalline  films.  For 
-P2  polarity  the  BFs  are  -6.4  and  -9.8  for  the  a-O  and  p-II  films,  respectively,  and  correlate  with 
oxide  surface  roughness  values  of  8.66  nm  and  S.84  nm.  Therefore,  the  BFs  for  electron 
injection  from  the  top  P2  electrode  for  ion  implanted  PI  films  correlates  well  with  the  measured 
RMS  surface  roughness. 

We  have  also  compared  electrical  parameters  and  roughness  measurements  for  different 
doping  processes.  For  example,  the  positive  CFs  are  similar  for  all  films  in  spite  of  the  RMS 
values  ranging  from  1.7  to  I3.S  nm.  Similarly,  for  the  -P2  polarity  (oxide  interface)  the  p-DD 
films  have  a  CF  of  S.9  MV/cm  that  is  significantly  larger  than  for  either  of  the  in  situ  doped 
films.  Yet,  the  RMS  of  5.74  nm  for  p-DO  is  between  the  values  of  3.0  and  10.1  nm  for  the  a-ISD 
and  p-ISD  films,  respectively.  Furthermore,  the  poorest  BFs  are  for  the  a-II  films,  but  the 
corresponding  roughnesses  are  comparable  to  other  film  types.  Therefore,  the  roughness  values 
do  not  correlate  with  the  either  the  CF  or  the  BF  when  comparing  between  the  various  doping 
processes. 


Fig.  2.  RMS  surface  roughness  versus  doping 
process.  Squares,  after  doping  process; 
diamonds,  after  oxidation;  circles,  after 
removing  the  polyoxide. 


Fig.  3.  Magnitude  of  the  CF  and  BF  for  five 
deposition  and  doping  processes. 

Squares,  CFs;  Circles,  BFs; 

Open  symbols, +P2;  Solid  symbols,  -P2 
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DISCUSSION 


We  have  utilized  AFM  to  characterize  the  evolving  surface  topography  of  polysilicon  films 
follou^ing  deposition,  doping,  oxidation  and  removing  the  oxide.  The  measured  surface 
roughness  correlates  tvith  the  electrical  properties  of  double-poly  capacitors  for  certain 
deposition  and  doping  conditions.  Films  deposited  in  the  amorphous  state  are  significantly 
smoother  than  crystalline  deposited  films.  Surface  roughness  changes  significantly  with 
successive  process  steps  for  p-ISD  and  a-II  nims,  but  only  slightly  for  a-ISD,  p-DD  and  p-U 
doped  layers.  Both  the  CF's  and  BFs  for  in  situ  doped  Hlms  correlate  with  the  RMS 
roughnesses.  The  combination  of  an  initially  amorphous  Si  film  plus  a  high-dose  arsenic  implant 
causes  excessive  surface  roughness  and  degraded  BF's.  However,  the  RMS  roughness  values  do 
not  correlate  with  electrical  parameters  for  all  film  types.  For  example,  the  positive  CFs  are 
similar  for  all  films,  even  diough  the  RMS  roughness  values  range  from  1.7  to  13.5  nm. 
Negative  CFs  are  larger  than  positive  CFs  for  diffusion  and  implantation  doped  films,  while  the 
opposite  is  measured  for  in  situ  doped  films,  in  agreement  with  the  results  by  Lee  and  Hu  [6]. 
However,  neither  the  RMS  nor  the  Zr  values  correlate  with  this  polarity  reversal.  A  more 
complete  surface  tofmgraphy  characterization  with  additional  parameters  such  as  grain  size,  the 
number  and  lateral  dimensions  of  the  asperities,  or  a  power  sp^trum  analysis  may  be  required  to 
find  a  correlation. 

From  these  results  it  is  clear  that  other  parameters  of  polysilicon  films,  as  well  as  roughness, 
influence  the  electrical  properties  of  capacitors.  These  parameters  include  the  dopant  species  (As 
or  P),  dopant  concentration,  deposition  processes  and  microstructure  [2,3,6,7].  Surface 
roughness  is  not  as  significant  for  these  thin,  conformal  polyoxides  as  for  thicker  polyoxides  (7). 
Therefore,  the  properties  of  the  dielectric  may  determine  the  electrical  characteristics. 

AFM  analysis  is  an  effective  technique  for  evaluating  and  monitoring  surface  roughness  for 
silicon  films.  The  analysis  is  performed  in  air  so  that  vacuum  systems  are  not  requi^.  Since 
AFM  is  non-destructive,  it  can  be  implemented  as  an  inline,  rnanufacmring  technique  to  evaluate 
and  monitor  film  characteristics.  In  a  manufacturing  mode  the  primary  drawback  of  AFM  is  the 
high  tip  wearout  and  replacement  frequency  along  with  potential  metallic  contamination 
concerns.  Optical  reflectance  measurements  are  quick  and  easy  to  perform,  but  are  strongly 
affected  by  the  refractive  index  or  the  optical  properties  of  the  film  itself,  as  well  as  any  surface 
oxide  layers.  From  Table  I  and  11  it  is  clear  that  the  optical  measurements  agree  relatively  well 
with  AI^  for  the  as-deposited  films,  but  do  not  correlate  with  the  results  from  the  films  after 
further  processing.  Furthermore,  AFM  provides  a  direct  measurement  of  the  surface  roughness, 
whereas  optical  reflectivity  only  provides  a  relative  value  with  a  complicated  relationship  to  the 
surface  roughness  of  the  deposit^  film.  As  a  result,  AFM  provides  significant  advantages  over 
optical  reflectance  in  characterizing  surface  topography.  In  conclusion,  we  believe  that  the  AFM 
technique  has  great  potential  as  a  process  monitoring  tool  and  will  become  a  routine  part  of  the 
semiconductor  manufacturing  environment 
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ABSTRACT 

A  reliable  nondestructive  method  for  measuring  trace  amounts  of  hydrogen  in 
semiconductors  and  related  materials  has  long  been  needed.  Cold  neuuon  capture  prompt 
■y-ray  activation  analysis  (CNPGAA)  is  a  nondestructive,  multielement  technique  which 
has  found  application  in  the  measurement  of  trace  amounts  of  hydrogen.  The  sample  is 
irradiated  by  a  beam  of  "cold"  neutrons;  the  presence  of  hydrogen  is  confirmed  by  the 
detection  of  a  2223  keV  gamma-ray.  The  te^nique  gives  bulk  analyses  (the  neuU'on  and 
gamma  radiation  penetrate  the  sample),  the  hydrogen  peak  is  free  of  interferences,  and  the 
results  are  independent  of  the  chemical  form  of  hydrogen  present.  The  insUument  is 
capable  of  detecting  less  than  10  mg/kg  of  hydrogen  in  many  mauices.  We  have  used  the 
technique  to  measure  hydrogen  levels  in  a  dielectric  film  on  a  silicon  wafer,  semiconductor 
grade  germanium,  and  quartz. 

INTRODUCTION 

The  presence  of  trace  amounts  of  hydrogen  in  semiconductors  and  related  materials 
can  produce  changes  in  electrical  and  optical  properties  [1].  Hydrogen  has  been  used  to 
electrically  passivate  a  wide  variety  of  defects  and  dopants  in  crystalline  silicon  [2-6],  and 
at  elevated  concentrations,  to  passivate  dangling  bonds  in  amorphous  silicon  [7].  The 
presence  of  hydrogen  in  germanium  crystals  serves  to  electrically  passivate  some  dopants 
[2]  while  activating  others  [8-1 1].  Reliable  studies  of  the  effects  of  hydrogen  on  these  and 
other  materials  require  techniques  for  accurate  and  nondestructive  measurement  of 
hydrogen  at  microgram  and  nanogram  levels. 

We  have  found  cold  neutron  capture  prompt  gamma-ray  activation  analysis 
(CNPGAA)  to  be  useful  for  the  nondestructive  determination  of  trace  amounts  of  hydrogen 
in  a  wide  variety  of  materials  [12-15].  We  have  used  CNPGAA  to  measure  hydrogen  in 
quartz  crystals,  semiconductor  grade  germanium,  and  in  a  dielectric  film  on  a  silicon  wafer. 


TECHNIQUE 

Prompt  gamma-ray  activation  analysis  has  been  described  in  detail  previously  [16]. 
When  a  sample  is  placed  in  a  neutron  beam,  nuclei  of  many  elements  in  the  sample  absorb 
neutrons  and  are  transformed  to  an  isotope  of  higher  mass  number.  Prompt  gamma-rays, 
emitted  by  de-excitation  of  the  compound  nuclei  are  then  measured  using  a  high-resolution 
gamma-ray  detector.  Qualitative  analysis  is  accomplished  by  identification  of  the  gamma- 
ray  energies,  while  compwson  of  gamma-ray  intensities  with  those  emitted  by  a  standard 
yields  quantitative  analysis.  The  use  of  “cold”  neutrons  enhances  the  sensitivity  compared 
to  thermal  neutrons,  principally  by  reducing  background.  The  analysis  is  both 
nondestructive  and  total,  since  the  neutron  and  gamma  radiation  are  highly  penetrating  and 
the  results  are  independent  of  the  chemical  form  of  the  element  being  measured.  The 
hydrogen  gamma-ray  at  2223  keV  has  few  known  interferences. 
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Figure  1.  Scale  drawing  of  the  PGAA  spectrcmeter.  The  detector  and  shield  are 
shown  in  cross  section  from  a  top  view  and  the  guide  is  shown  from  the  side,  rotated  about 
the  sample  position. 


APPARATUS 

The  instramentation,  located  in  the  Cold  Neutron  Research  Facility  (CNRF)  at 
NIST  has  been  described  in  detail  elsewhere  [14,17].  Neutrons,  produced  by  uranium 
fission  in  the  core  of  the  NIST  research  reactor  and  chilled  by  passage  through  a  D2O  ice 
moderator  at  30K,  are  supplied  to  14  different  instruments  in  the  CNRF  by  a  series  of  8 
nickel  coated  borosilicate  guide  tubes.  Figure  1  shows  the  CNPGAA  workstation  located 
in  the  CNRF.  The  neutron  beam  emerges  from  the  bottom  half  of  neutron  guide  NG7  into 
air,  and  is  collimated  to  a  20  mm  diameter  circle  before  striking  the  sample.  Samples  are 
normally  sealed  into  bags  of  FEP  Teflonl  and  suspended  in  the  beam  between  strings  of 
I¥A  Teflon.  Prompt  gamma-rays  emitted  by  the  sample  are  measured  by  a  high 


^Certain  commercial  equipment,  instruments,  or  materials  are  identified  in  this  piper  in 
order  to  specify  the  expwunental  procedures  in  adequate  detail.  Such  identification  does 
not  imply  tecommendtUion  by  the  National  Institute  of  Standards  and  Technology,  nor  does 
it  imply  that  the  materials  or  equipment  identified  are  necessarily  the  best  available  for  the 
purpose. 
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resolution,  bond  and  lead-shielded  germanium  detector  positioned  petpendicular  to  the 
neutron  beam.  Gamma-ray  spectra  up  to  8  MeV  are  taken  using  a  16K  channel  analog- 
distal  converter  connected  to  a  multichannel  pulse  height  ana]y2er.  Data  acquisition  and 
reduction  are  performed  using  Canberra  Nuclear  Data  acquisition  and  display  software  on  a 
VAXstation  3100. 


BACKGROUND  AND  DETECTION  LIMITS 

The  background  in  the  hydrogen  region  (2223  ke  V)  of  a  prompt  gamma-ray 
spectrum  measui^  for  a  hydrogen  free  material  arises  from  three  possible  sources. 

Neutron  capture  by  hydrogen  in  the  atmosphere  and  shielding  materials  Sves  rise  to  0.06  ± 
0.01  counts  per  second  of  gamma  radiation,  corresponding  to  IS-20  pg  of  hydrogen. 
Interferences,  gamma-rays  within  ~S  keV  of  the  hydrogen  peak  energy,  emitted  by  other 
elements  in  the  sample  matrix  represent  a  second  possible  source  of  background.  Few 
interferences  are  known  for  H  (Ba  at  2220.0  keV,  Os  at  2223.3  keV  and  Xe  at  2225.2 
keV);  however,  current  tabulations  of  prompt  gammas  are  incomplete.  A  third  possible 
source  of  background  arises  from  Compton  scattering  of  high  energy  gamma-rays.  This 
results  in  decrease  in  signal  to  noise  ratio  by  raising  the  continuum  baseline  under  the 
hydrogen  peak. 

The  detection  limit  for  hydrogen  in  a  given  matrix  is  taken  to  be  2o  of  the 
uncertainty  in  the  background  count  rale  at  2223  keV.  For  samples  which  yield  a  relatively 
clean  spectrum  in  this  energy  range  and  for  which  a  large  Compton  background  is  not 

observed,  the  hydrogen  detection  limit  may  be  taken  to  be  essentially  2o  of  the  normal 
background  (i.  e.  the  background  with  no  sample  in  the  beam),  or  about  5  - 10  pg.  For 
samples  which  give  complex  spectra  with  many  high  energy  peaks,  a  large  baseline  due  to 
Compton  scattering  of  gamma-rays  is  observed.  Experiments  using  the  University  of 
Maryland/NIST  thermal  neutron  PGAA  instrument  [18]  indicate  that  the  introduction  of 
Compton  suppression  improves  the  detection  limit  near  2223  keV  by  a  factor  of  1 .5  -  2.  A 
similar  improvement  in  detection  limit  is  expected  when  Compton  suppression  is 
introduced  into  the  cold  neutron  instrument  (see  FUTURE  PLANS). 


APPLICATIONS 

We  have  determined  hydrogen  in  quartz  crystals,  a  dielectric  film  on  a  silicon 
wafer,  and  in  crystals  of  semiconductor  grade  germanium.  Although  we  were  told  to 
expect  large  amounts  of  hydrogen  in  many  of  these  samples,  the  analyses  have  typically 
yielded  hydrogen  count  rates  comparable  to  background  levels  (i.  e.  the  hydrogen  count 
rate  obtained  with  no  sample  in  the  beam).  Nevertheless,  the  data  may  be  used  to  establish 
an  upper  limit  for  the  hydrogen  concentration. 

Hve  crystals  of  hydrothermally  grown  quartz  (weighing  from  one  to  four  grams) 
were  analyzed  for  hydrogen  by  CNPGAA.  The  cryst^s  had  b^n  grown  and  analyzed  by 
infrared  spectroscopy  by  researchers  at  the  U.  S.  Army  Research  Laboratory  in  Fort 
Monmouth,  New  Jersey.  Table  I  gives  H  concentrations  determined  by  CNPGAA,  along 
with  H  concentrations  estimated  from  the  IR  data.  Upper  limits  for  CbnOAA  analyses  are 

expressed  as  £  2a,  based  on  sample  counting  statistics.  Uncertainties  were  evaluated  using 
guidelines  given  by  Taylor  and  Kuyatt  [19].  Expanded  experimental  uncertainties  were 
evaluated  by  combining  Type  A  uncertainties  (those  evaluated  by  statistical  means)  in 
quadrature  and  multiplying  by  a  covei^e  factor  of  2  to  give  a  95%  confidence  level.  Type 
A  uncertainties  were  evaluate  by  statistical  means  and  originate  from  sample  counting 
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Table  I  -  H  concentiations  in  samples  of  hydrotheimal  quartz  estimated  from  both 
CNPGAA  and  IR  data. 


Sample 

mg/kg  H  (CNPGAA) 

mg/kg  H  (IR) 

TO4 

61 12 

5.4 

TO7C 

^5 

16 

TD7D 

101 12 

12 

A3LZ 

^5 

4.9 

B4LZ 

i6 

4.6 

Table  II  -  Hydrogen  concentrations  in  five  samples  of  semiconductor  grade  germanium. 


Sample# 

1  (unetched) 

2  (unetched) 

3  (etched) 

4  (etched) 

5  (etched) 


mg  H/  kg  Ge 

80  ±55 

70±50 

50140 

60145 

60140 


H  atoms/  100  Ge  atoms 

0.6  1  0.4 

0.5  1  0.4 

0.4  1  0.3 

0.4  1 0.3 

0.4  1  0.3 


statistics  and  background  subtraction  (>25%),  standard  counting  statistics  (<1%),  sample 
positioning  and  neutron  fluence  variation  ("l^),  and  sample  weighing  (<1%).  Type  B 
uncertainties  (those  not  determinable  by  statistical  means)  were  negligible.  Hydrc^en 
concentiations  determined  for  the  quartz  samples  do  not  differ  within  statistic^ 
uncertainties  from  each  other  or  (for  4  of  5  samples)  from  H  concentrations  determined  by 
IRdata. 

A  I  pm^thick  layer  of  dielectric  glass  film  on  a  silicon  wafer  was  obtained  for 
hydrogen  analysis  from  Intel.  Similar  films  had  been  estimated,  by  weight  loss  on  heating, 
to  contain  4  -5  %  by  weight  of  H2O.  The  sample  was  analyzed  by  CNTO AA,  along  with  a 
blank,  a  bare  silicon  wafer  of  the  same  size  and  thickness  of  the  sample  substrate.  Both  the 
sample  and  the  blank  yielded  hydrogen  count  rates  within  statistical  uncertainty  of 
background  levels.  It  was  determined  that  the  dielectric  film  contained  ^  2%  by  weight  of 
hydrogen,  or  s  19%  by  weight  of  H2O,  where  the  upper  limit  was  estimated  as  2a  of  the 
H  count  rate  for  the  sample. 

Five  samples  of  semiconductor  grade  germanium,  believed  to  contain  as  much  as  1 
atom  of  hydrogen  per  atom  of  germanium,  were  also  analyzed  by  CNPGAA.  The  samples 
consisted  of  three  ~  I -gram  pieces  of  germanium  which  had  been  etched  prior  to  analysis, 
and  two  pieces  of  unetched  germanium  of  the  same  approximate  size.  Since  germanium  is 
believed  to  absorb  hydrogen  readily  upon  etching,  higher  hydrogen  concentrations  were 
expected  in  the  etcH^  samples.  Hydrogen  concentrations  determined  in  the  samples 
ranged  from  SO  to  80  mg/kg  Ge,  or  0.4  to  0.6  atomic  %  of  H  (see  Table  II).  No  significant 
differences  were  observ^  tetween  etched  and  unetched  samples. 

Type  A  errors  arising  from  counting  statistics  and  background  subtraction  yielded 
IS  -  20  %  uncertainties  in  die  Ge  hydrogen  concentrations.  All  other  type  A  errors  (from 
standard  counting  statistics,  sample  positioning  and  neutron  fluence  variation,  and  sample 
weighing)  were  negligible.  However,  due  to  the  extremely  complicated  nature  of  the  Ge 
spectra,  peak  fitting  was  difficult  due  to  the  inability  to  obtain  a  constant  baseline.  Hence 
the  total  uncertainty  in  sample  H  count  rate  is  much  larger  than  that  evaluated  from  counting 
statistics  for  a  single  fit  A  type  B  uncertainty  of  30%,  estimated  by  repeated  fitting  of 
hydrogen  peaks  using  a  SUM  code  written  at  NIST,  was  therefore  added  in  quadrature  to 
yield  a  more  realistic  evaluation  of  the  total  counting  uncertainty.  Expanded  uncertainties 
were  obtained  by  multiplying  by  a  coverage  factor  of  2  to  give  a  95%  confidence  level. 
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FUTURE  PLANS 

Hydrogen  conoentiadons  in  many  semiconductor  materials  analyzed  have  been  at  or 
below  the  detection  limit  for  the  technique.  Fuither  work  is  needed  to  establish  whether 
higher  levels  of  hydrogen  may  be  arxurately  determined.  Future  analyses  of  H  ion 
implanted  quartz  will  help  to  establish  a  detection  limit  for  hydrogen  in  this  material. 

Future  work  is  also  needed  to  determine  whether  elements  other  than  Ba.  Os  and 
Xe  yield  gamma-ray  interferences  in  the  hydrogen  region.  Since  prompt  gamma-iay 
spectra  for  many  eleniMts  (e.  g.  germanium)  y^d  more  peaks  than  are  listed  in  current 
tabulations,  the  possibility  of  int^eiences  in  the  hydrogen  region  cannot  be  ruled  out.  It 
may  be  eventually  possible  to  correct  for  errors  arising  ^m  hydrogen  interference  peaks 
by  a^yzing  a  blarik,  a  sample  of  the  material  in  question  which  is  known  to  contain  a 
negligible  amount  of  hydrogen.  However,  the  absence  of  hydrogen  in  the  blank  would 
have  to  be  established  by  an  independent  analytical  technique. 

Improvements  in  the  system  are  currently  undmvay  which  will  reduce  background 
and  improve  sig^  to  noise  ratio,  thus  improving  detection  limits.  Background  due  to 
Compton  scattering  will  be  s^pressed  by  surrounding  the  germanium  by  a  bismuth 
germanate  detector.  The  addition  of  a  helium-flUed  sample  box,  as  well  as  improved 
gamma-ray  aitd  neutron  shielding  around  the  detector  and  neutron  guide,  will  reduce 
backgroui^  capture  by  hydrogen  and  other  elements  m  the  environment  surrounding  the 
system.  Replacement  of  the  current  D2O  cold  source  with  a  liquid  hydrogen  source  will 
increase  the  neutron  fluence  rate  by  a  factor  of  five  or  greater.  The  addition  of  neutron 
optics  to  focus  the  beam  onto  a  smaller  area  (-1mm  diameter  circle)  may  someday  lead  to 
the  development  of  a  neutron  microprobe  [^,  21]. 
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ABSTRACT 

Medium-energy  ion  spectroscopy  using  a  ctmvendonal  ion  implanter  has  been  developed  to 
study  the  pn^ierties  of  semiconducun'  subsurface  regions.  The  system  is  equipped  with  solid  state 
detector  and  operades  with  He'*'  ion  energy  up  to  200  keV.  We  have  tested  the  system  performance 
for  various  applicadons,  such  as,  silicon  diffusion  through  a  thin  Au  layer,  a  low  dose,  low  energy 
As  implandon  and  damage  of  silicon  surface  caused  by  plasma  treatment 

INTRODUCTION 

Ion  backscattering  techniques  are  very  powerful  methods  for  material  science.  They  cover  a 
very  large  range  of  primary  beam  energy  from  keV  to  MeV.  One  of  the  most  popular  is  Rutherford 
backscanering  spectroscopy  (RBS)  which  uses  a  collimated  ion  beam  and  operates  usually  in  the 
energy  range  from  1  to  2.5  MeV  n-3J.  a  strong  trend  in  semiconductor  technology  is  to  fabricate 
devices  in  a  very  shallow  surface  region.  In  this  case  a  lower  energy  characterizadon  techniques 
are  more  suitable  since  they  are  more  sensitive  to  subsurface  region.  The  technique  which  is  very 
similar  to  RBS  but  operates  at  much  lower  energy  is  called  Medium-energy  ion  spectroscopy 
(MEIS).  It  uses  ions  with  energies  between  SO  to  200keV  what  is  more  optimal  for  subsurface 
spectroscopy  applications.  A  cross  section  for  angle  scattering  at  200keV  is  approximately  two 
orders  of  magnitude  larger  than  at  2  MeV  while  the  stopping  power  is  almost  the  same  1^^.  It  has 
been  shown  that  MEIS  has  a  capability  to  detect  the  average  positions  of  atoms  in  the  surface  layer 
with  accuracy  of  0.01  A  in  crystalline  materials  and  compositional  depth  profiles  can  be  measured 
with  a  3  to  5  A  resolution  in  amorphous  samples  1^. 

The  medium  energy  range  of  MEIS  technique  matches  the  ion  energy  utilized  in  many  ion 
implanters  used  in  microelectronics  technology.  This  opens  a  broad  prospective  for  implementation 
of  MEIS  technique  for  in  situ  and  other  surface  studies  using  this  equipment  Another  important 
advantageous  feature  of  MEIS  technique  is  the  simplicity  of  a  qualitative  analysis  of  experimental 
data,  similarly  to  the  RBS  technique.  One  of  the  main  problems  for  adaptation  of  MEIS  system 
into  an  ion  implanter  chamber  is  the  selection  of  a  backscattered  particle  detector.  The  commonly 
used  MEIS  detectors  such  as  the  electrostatic  toroidal  analyzer  l^^l  and  the  time  of  flight  detector 
[9-10]  gfc  difficult  to  adapt  due  to  their  large  sizes.  The  surface  barrier  detector  (SBD),  which  is  a 
standard  detector  for  RBS,  has  relatively  low  energy  resolution  (-10  keV)  in  comparison  with 
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other  detectors  ("I  keV)  but  can  be  sdll  very  attractive  for  many  applications  considering  its  cost 
and  easy  installation.  We  have  developed  the  MEIS  system  equipped  with  solid  state  detector  in  a 
conventional  ion  implanter  t^radng  with  He'*’  ion  energy  up  to  200  keV  The  system  is  in 
operadon  at  Hiroshima  University.  We  have  tested  the  system  sensidvity  by  investigadng  silicon 
diffusion  through  a  thin  Au  layer,  a  low  dose,  low  energy  As  implantation  into  silicon  and  damage 
caused  by  Ar  plasma  treatment. 

EXPERIMENTAL  RESULTS 

One  of  the  main  disadvantage  of  a  solid  state  detector  when  used  in  the  medium  energy  range  is 
its  low  energy  resoludon.  In  otder  to  illustrate  the  performance  of  solid  state  detector  at  different 
primary  beam  energies  the  spectra  were  collected  at  wide  range  of  ion  energy  ranging  from  2  Me  V 
to  200  keV.  The  spectra  far  500  keV  and  above  were  obtained  using  a  standard  RBS  apparatus, 
while  200  keV  spectra  were  collected  with  ion  implanter  based  system  described  in  this  p^r.  The 
spectra  were  collected  for  a  125  A  thick  Au  layer  evaporated  on  Si(l  10)'substrate  annealed  at 
150°C  for  10  minutes.  Several  interesdng  features  can  be  observed  on  the  energy  distribuuons 
shown  in  Fig.  1.  The  first  edge  of  the  Si  part  of  the  spectrum  corresponds  to  the  surface  layer  of 
Si02  formed  on  the  Au  layer  from  the  Si  diffused  through  the  Au  layer  The  presence  of 
oxygen  is  confirmed  by  the  peak  at  the  energy  about  33%  of  the  primary  beam  energy.  The  second 
edge  of  the  Si  part  of  the  spectrum  corresponds  to  the  Au  layer  /  Si  substrate  interface.  All  these 
features  can  be  recognized  on  each  spectrum  shown  in  Fig.  1  with  resolution  decreasing  as  the  the 
primary  beam  energy  decreases.  However,  it  is  important  to  mention  that  the  signal  intensity 
increases  dramatically  as  the  beam  energy  is  reduced  what  allow  to  collect  the  data  at  lower  energy 
with  significantly  lower  charge.  The  signal  intensity  dependence  on  the  primary  beam  energy  is 
shown  in  Fig.  2.  The  integrated  intensity  corresponding  to  23  A  of  Au  deposited  on  Si  substrate  is 
shown  in  this  figure.  The  data  were  collected  at  the  constant  charge  of  1  iiC  delivered  to  the 
sample.  According  to  the  theory  the  power  factor  for  counts  vs.  energy  dependence  should  be  -2, 
as  shown  in  Fig.  2,  which  agrees  with  experimental  data  very  well  considering  the  experimental 
error. 

The  high  scattering  efficiency  is  valuable  when  thin  surface  layers  are  investigated.  An 
example  of  such  application  is  the  analysis  of  interdifussion  in  the  Au/Si  structure.  In  this 
experiment  a  23  A  thick  Au  layer  was  deposited  on  the  Si(l  10)  substrate  and  annealed  at  1 50°C  for 
10  minutes.  The  MEIS  spectra  collected  before  and  after  annealing  are  shown  in  Fig.  3.  After 
annealing  a  clear  shift  of  gold  peak  to  the  lower  energies  is  visible.  The  shift  is  caused  by  a  thin  Si 
surface  layer  which  was  formed  after  Si  diftusion  through  the  gold  layer.  The  larger  shift  on  the 
left  side  of  Au  part  of  the  spectrum  results  from  the  diffusion  of  gold  into  Si  substrate.  Considering 
the  fact  that  the  23  A  thick  gold  layer  is  not  continuous  one  can  not  expect  the  qtpearance  of  an 
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thick  gold  layer  deposited  on  Si  substrate  and  annealed  at  1S0°C  for  10  min. 


INCIDENT  ION  ENERGY  [MeV] 

Fig.  2.  The  aerial  intensity,  I,  of  the  Au  peak  as  a  function  of  incident  ion  energy,  E,  compared 
with  the  theoretical  dependence  I»l/E^. 
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Fig.  3.  The  energy  spectra  of  backscattered  He'*'  ions  obtained  to  a  23  A  thick  Au  layer  evaporated 


on  a  Si(llO)  substrate.  The  spectra  were  measured  before  and  after  annealing  at  150°C  for  15 


Fig.  4.  The  MEIS  spectra  of  Si(llO)  sample  Fig.  5.  Total  integrated  signal  of  As  peak 

before  and  after  arsenic  implantation  with  the  and  that  of  damaged  Si  surface  layer  as  a 

various  cumulative  doses.  The  implantation  was  function  of  As  cumulative  dose, 
carried  out  at  14  keV  and  the  MEIS  spectra  were 
taken  at  175  keV  in  the  (1 10)-aligned  direction. 


INTENSITY  [lO^counts] 


extra  edge  in  the  energy  distribution  from  a  thin  Si  layer  covering  the  gold  islands.  The  area  under 
the  Au  peak  corresponds  to  the  effective  thickness  of  Au  layer.  By  comparing  the  areas  for  non- 
annealed  and  annealed  sample  we  estimated  that  the  effective  thickness  of  Au  layer  increased  from 
23  A  to  27  A.  The  thickness  was  evaluated  by  comparing  the  spectrum  with  the  data  obtained  for  a 
standard  sample. 

Another  example  of  MEIS  application  was  to  study  low  dose,  low  energy  arsenic  implantation 
into  Si(l  10)  substrate.  Room  temperature  implantation  was  carried  out  at  14  keV  with  the  sample 
tilted  by  10°  with  respect  to  the  ion  beam.  A  four-step  implantation  was  performed  with  cumulative 
doses  of  2.3  x  10*2,  4.2  x  10*^,  2  x  10*4  and  5  x  10*4  cm-2.  The  MEIS  spectra  collected  at  175 
keV  in  the  channeling  direction  for  a  non-implanted  sample  and  after  each  implantation  process  are 
shown  in  Fig.  4.  A  very  good  proportionality  of  the  As  peak  counts  with  respect  to  the  implant 
dose  is  obtained  as  illustrated  in  Fig.  S.  A  clear  peak  at  the  energies  85  to  95  keV  observed  in  Fig. 
4  represents  a  damaged  surface  layer.  The  integrated  signal  craresponding  to  this  energy  interval  is 
shown  in  Fig.  5  as  a  function  of  implantation  dose.  At  the  10*4  cin-2  doses  the  damaged  signal 
tends  to  saturate  which  is  in  agreement  with  the  critical  dose  for  silicon  amorphization  1*^1. 


50  70  90  no  130 

ENERGY  [keV] 

Fig.  6.  MEIS  spectra  before  and  after  Ar  plasma  treatment  for  different  RF  powers. 

The  last  example  of  MEIS  application  described  in  this  rejXHT  illustrates  the  damage  detection 
caused  by  short  time  (10  sec)  Ar  plasma  treatment  1*41.  The  spectra  taken  before  and  after  treatment 
indicate  relatively  large  damage  of  Si  surface  layer  even  at  low  RF  power  of  20  W.  The  damage 
increases  with  RF  power  and  the  depth  of  damage  Si  layer  at  1(X)  W  is  estimated  to  be  =20  nm.  A 
weak  peak  around  1 13  keV  indicates  the  presence  of  Ar  in  the  surface  region. 
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CONCLUSIONS 

The  results  indicate  that  the  implementation  of  MEIS  in  an  ion  implanter  opens  a  broad 
prospective  for  in  situ  or  ex  situ  surface  studies  in  the  semiconductor  processing.  An  important 
obsetvadon  has  been  made  that  a  valuable  information  is  provided  by  the  system  equipped  with  a 
solid  state  detector  which  has  relatively  poor  energy  resolution  at  the  energies  below  200  keV. 
Further  improvements  of  detection  limits  and  technique  performance  are  expected  with  replacement 
of  the  SBD  detector  with  a  more  sensidve  detecdon  system. 
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ABSTRACT 

We  report  on  the  first  use  of  optical  low  coherence  reflectometry  (OLCR)  for  Edge 
Defined  Film-Fed  Growth  (EFG)  silicon  characterization.  This  OLCR  sensor  system  has  been 
used  to  measure  horizontal  profiles  of  silicon  thickness  and  flatness  to  an  accuracy  of  1.5  |im 
with  the  sensor  head  positioned  1  cm  away  from  the  silicon.  The  use  of  this  noninvasive  sensor 
for  EFG  silicon  growth  monitoring  may  lead  to  more  efficient  solar  cell  manufacturing 
processes. 


INTRODUCTION 

Silicon  sheet  growth  technologies[l,2]  are  of  great  interest  for  the  development  of  low 
cost  solar  cell  arrays,  since  these  technologies  eliminate  the  need  for  slicing  silicon  ingots. 
Edge-defined  film-fed  growth  (EFG)  has  been  one  of  the  most  promising  of  these  technologies 
for  continuous  growth  of  silicon  sheets  for  solar  cell  applications.[3,4]  In  order  to  facilitate 
improvements  in  EFG  silicon  sheet  growth  technology,  it  is  necessary  to  monitor  the  thickness 
and  flatness  of  the  silicon  during  the  growth  process. 

In  this  paper  we  report  on  the  use  of  optical  low  coherence  reflectometry  (OLCR)  to 
provide  accurate,  non-invasive  measurement  of  the  thickness  and  flatness  of  EFG  grown  silicon. 
We  have  recently  reported  on  the  use  of  such  techniques  to  characterize  sliced,  Czochralski 
(CZ)  grown  silicon  wafers.[5,6]  The  work  reported  in  the  present  paper  represents  the  first  use 
of  OLCR  techniques  for  dimensional  characterization  of  sheet  grown  solar  silicon. 


EXPERIMENTS 

A  schematic  diagram  of  the  OLCR  sensor  system  is  shown  in  Figure  1.  An  edge- 
emitting  light  emitting  diode  (EELED)  operating  at  a  central  wavelength  of  1.55  pm  (where 
silicon  is  transparent)  with  a  spectral  width  of  90  nm  was  used  as  the  low  coherence  light 
source.  The  light  from  this  EELED  is  split  by  an  evanescent  coupler  into  a  fiber  optic  Michelson 
interferometer,  consisting  of  a  sensor  leg  and  a  reference  leg.  Light  that  exits  the  sensor  fiber 
reflects  off  the  silicon  wafer,  re-enters  the  fiber,  and  is  combined  via  the  evanescent  coupler  with 
light  from  the  reference  leg.  Light  that  exits  the  reference  leg  reflects  off  a  scanning  mirror,  re¬ 
enters  the  fiber,  and  combines  with  light  from  the  sensing  leg.  The  scanning  mirror  is  used  to 
vary  the  optical  path  length  of  the  reference  leg  of  the  interferometer.  A  sinusoidal  voltage  is 
applied  to  a  piezoelectric  optical  phase  shifter  in  the  reference  leg  to  modulate  the  interference 
signal,  which  is  detected  with  an  InGaAs  PIN  photodiode  detector.  The  photodetector  output  is 
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Figure  1  Optical  Low  Coherence  Reflectometry  (OLCR)  Sensor  System 
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Figure  2  Typical  scan  of  OLCR  system  for  a  EKJ  grown  silicon  wafer.  Peaks  are  from  the 
GRIN  lens-air  reflection,  the  reflection  from  the  front  surface  of  the  silicon,  and  the  back  sur¬ 
face  silicon  reflection 
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aiiq>lified,  bandpass  filtered,  and  processed  by  enveic^  detector.  The  output  of  the  envelope 
detector  is  connected  to  a  computerized  data  acquisition  system. 

The  light  emitted  from  the  fibers  in  both  the  sensor  and  reference  legs  of  the 
interferometer  is  collimated  with  GRIN  rods.  This  collimadon  process  increases  the  amount  of 
light  that  reflects  back  into  each  leg  of  the  interferometer  arid  enables  the  fiber  ends  to  be 
remotely  positioned  (typically  a  few  centimeters)  from  the  reflecting  surfaces  of  the  silicon  wafer 
and  scarming  mirror. 

Because  of  the  low  coherence  length,  of  the  light  source  (about  10  pm),  interference 
fringes  only  occur  when  the  optical  path  length  difference  between  the  sensing  leg  and  the 
reference  leg  is  less  than  L^.  Hence,  fnnges  ate  observed  when  the  reference  leg  qitical  path 
length  (established  by  the  scanning  mirror  position)  is  equal  to:  (i)  the  sensing  leg  t^cal  path 
length  established  by  the  retro-reflection  fix>m  the  end  of  the  GRIN  rod-air  interface;  (ii)  the 
sensing  leg  optical  path  length  established  by  retro-reflection  from  the  front  surface  of  the 
silicon;  and  (iii)  the  sensing  leg  optical  path  length  established  by  retro-reflection  fiom  the  back 
surface  of  the  silicon.  By  monitoring  the  position  of  the  scanning  mirror  that  corresponds  to 
these  "peaks"  in  oscillating  interference  fringes,  the  thickness  of  the  silicon  and  the  sensor-silicon 
separation  (used  to  determine  the  silicon  wafer  flatness),  can  be  measured  directly.  The 
accuracy  of  the  OLXDR  sensor  system  is  established  by  how  precisely  the  position  of  the 
reflection  peaks  can  be  located,  which  is  determined  1^  the  noise  modulation  on  the  signal 
envelope.  As  discussed  in  detail  pteviously,[S,6]  the  noise  modulation  on  the  envelope  limits  the 
position  accuracy  of  the  OLXTl  sensor  system  to  sqrproximately  1 .5  pm. 

To  evaluate  the  use  of  the  OLCR  sensor  system  for  silicon  sheet  growth,  an  EFG  silicon 
wafer  was  positioned  in  fi'ont  of  the  fiber  sensor  head.  The  reference  separation,  h,  between  the 
fiber  sensor  head  and  the  silicon  wafer  was  set  to  1  cm  ±  SO  |xm  by  placing  the  end  of  the  GRIN 
rod  (sensor  head)  against  the  silicon  wafer  and  using  a  micrometer  stage  to  move  the  silicon 
wafer  1  cm  away  from  the  sensor  head. 

Figure  2  shows  the  output  of  the  signal  processing  electronics  as  a  function  of  the 
scarming  mirror  position  for  a  typical  mirror  scan.  The  sensor  head-wafer  separation  distance,  h, 
is  obtained  from  Figure  2  by  subtracting  the  mirrm’  position  that  corresponds  to  the  silicon  front 
surface  retro-reflection  from  the  mirror  position  that  corresponds  to  the  GRIN  rod-air  interface 
retro-reflection  and  dividing  the  result  by  one,  the  refractive  index  of  air.  Similarly,  the 
thickness  of  the  silicon  wafer,  t,  is  obtained  by  subtracting  the  mirror  position  that  corresponds 
to  the  silicon  back  surface  retro-reflection  fixrm  the  mirror  position  that  corresponds  to  the 
silicon  front  surface  retro-reflection  and  dividing  this  result  by  3.48  (the  refractive  index  of 
silicon  at  1.5S  pm). 

By  horizontal  translation  of  the  OLCR  sensor  head,  it  is  possible  to  measure  horizontal 
profiles  of  the  thickness  and  flatness  of  EFG  silicon  wafers.  To  perform  this  measurement,  a 
micropositioner  stage  was  used  to  translate  the  sensor  head  parallel  to  the  surface  of  a  10  cm 
wide  EFG  silicon  wafer  that  was  cut  by  the  supplier  from  a  larger  silicon  shect.[7]  At  each 
horizontal  position,  an  OLCR  scan  similar  to  that  shown  in  Hgure  2  was  performed.  Figures  3 
and  4  show  the  results  of  these  measuretiKnts.  The  sensor-silicon  separations  (the  difference 
between  reflection  peak  locations  from  the  front  silicon  surface  and  the  collimator-air  interface) 
are  shown  in  Figure  3.  The  flatness  of  the  wafer  can  be  ascertained  by  observing  the  variation  in 
the  sensor-silicon  separation  with  horizontal  scan  position.  It  can  be  seen  from  Figure  3  that  the 
measured  EFG  grown  silicon  wafer  deviates  frxim  flatness  in  an  oscillatory  way.  Taking  the 
difference  between  the  two  curves  of  Figure  3  and  dividing  through  by  the  silicon  refractive 
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Figure  3.  Front  And  Back  Reflections  vs.  Horizontal  Position 
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Figure  4  EFG  Wafer  Thickness  vs.  Horizontal  Position 
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index  yields  the  horizontal  profile  of  the  wafer  thickness,  shown  in  Figure  4.  The  thickness 
variation  is  seen  to  be  about  SO  pm  for  this  wafer. 


SUMMARY 

In  this  paper  we  have  reported  on  the  first  use  of  optic  low-coherence  reflectometry 
(OLCR)  for  non-invasive  characterization  of  EFG  sheet  grown  solar  silicon.  This  OLCR  sensor 
system  has  been  used  to  measure  horizontal  profiles  of  silicon  thickness  and  flatness  to  an 
accuracy  of  l.S  pm  with  the  sensor  head  positioned  I  cm  away  from  the  silicon.  Since  wafer 
thickness  and  flatness  are  two  important  growth  parameters  for  sheet  grown  silicon,  the  use  of 
this  noninvasive  sensor  for  on-line  silicon  sheet  growth  monitoring  may  lead  to  more  efficient 
solar  cell  manufacturing  processes. 

More  recently,  we  have  packaged  the  OLCR  sensor  system  (the  optics,  signal  processing 
electronics,  and  mirror  scanner)  into  a  single  opto-electionic  unit  compatible  with  the 
environment  of  the  ciystal  growth  furnace.  Using  this  packaged  OLCR  system,  we  have  been 
able  to  make  preliminary,  quantitative,  on-line  measurements  of  EFG  silicon  thickness  and 
Harness  during  the  actual  growth  process.  Details  of  these  measurements  will  be  reported 
elsewhere.[8] 
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ABSTRACT 

Plasma  etching  of  GalnAs  and  AUnAs  has  been  carried  out  in  a  system  which  consists  at 
an  electroo  cyclotron  resonance  source  and  an  rf-powered  stage.  Since  the  ECK  source 
can  generate  a  plasma  with  low  ion  energy,  dry  etching  induced  ounaip  is  expected  to  be 
minimal.  In  this  sturl^.  Schottky  diodes  and  transmission  lines  were  fabricated  on  the  etched 
GalnAs  surface.  Hie  mode  and  transmissioo  line  characteristics  were  evaluated  as  a  function  of 
etch  conditions.  For  die  etching  of  GalnAs  and  AUnAs,  02  and  Ar  were  used  u  the  etch  gases. 
In  addition  to  the  ratio  of  the  two  gases,  microwave  power,  rf  power,  pressure,  and  source 
distance  were  varied  and  their  efifera  on  etch  rate,  morphology,  and  surface  damage  were 
analyzed.  Etch  rate  increased  monotonically  with  microwave  power,  rf  power,  and  02 
pCTcentage,  Etch  rate  decreaaed  with  increasing  distance  and  reached  a  maximum  for  a  pressure 
of  1  mHirr.  The  etch  conditions  for  the  di^ge  smdy  were  chosen  to  maintain  smooth 
monlKdo^.  One  of  the  most  important  factors  influencing  damage  was  the  ion  energy  which 
can  be  linuted  by  using  low  rf  power  and  shon  source  distance.  Minimum  damage  was  obtained 
at  1  mTorr  which  provides  tM  optimal  balance  between  high  etch  rate  and  low  ion  energy. 
Besides  limiting  ion  energy,  die  addition  of  O2  reduced  etch-imbiced  damage.  The  specific 
contact  resistivity  and  sheet  resistivity  obtained  foom  transmisskm  line  measurements  of  dry- 
etched  n-GalnAs  were  lower  than  the  wet-etched  samples.  Schottky  diode  analysis  show 
reduction  in  banrier  height  and  breakdown  voltage  after  Ar  sputtering.  Addition  of  10%  CI2  is 
suffidem  for  foil  recovery  the  diode  characteristics. 


INTRODUCTION 

Plasma  etching  is  an  attractive  terfriique  for  fabricating  devices  with  small  dimensions  due 
to  the  control  of  etch  profUe  by  duectionrd  ions.  For  this  technique  to  be  acceptable  for  high 
iKifarmance  device  fahrication,  the  potential  etch-induced  damage  should  be  understood  and 
limited.  Different  techniques  have  been  developed  to  evaluate  damage  including  electrical 
characterutics  on  simple  device  structures,  optical  analysis  such  as  photoluminescence  and 
photoreflectance.  and  surface  analysis  such  as  Rutherford  backscattering  and  transmission 
electron  mictoscopy  [1-4).  In  this  pqier,  electrical  characterizatkm  was  used  to  relate  the  effects 
ofeiching  on  GalnAVAlhiAs-basedbeterojunctkmbipidar  transistors.  The  current-voltage  G- V) 
and  capacitance-vohage  (C-V)  measurements  on  Schottky  diodes  have  been  found  to  be  very 
sensitive  to  surface  conditions  of  semiconductors  [S].  The  barrier  height,  idealiwfoctor,  doping 
profile,  and  breakdown  voltage  can  be  monitcxcd  as  measures  of  the  device  quauty.  F^  etal. 
[1]  have  shown  that  analysis  of  transmisrirm  lines  can  be  used  for  damage  assessment  Surface 
modification  after  etdting  can  be  related  to  the  specific  contact  resistivity  and  sheet  resistivity 

(R|.)  In  addition,  the  damge  de^  can  also  be  determined. 

To  minimize  damage,  it  is  important  to  avcnd  using  high  energy  ions.  The  drawbacks  for 
using  low  ion  energy  woiild  be  etch  rate  reduction  and  rougher  morjtiiology.  Another  approach 
is  to  remove  the  damage  layer  with  a  wet  chemical  etch,  but  this  limits  the  minimum  feinmrize 
and  increases  process  complexity.  Etching  with  an  electton  cyclotron  resonance  (ECR)  source 
provides  fast  etch  rates  and  damage  flee  etdm  surfaces  by  generating  a  high  density  plasma  witii 
low  ion  enem,  ECR  sources  have  been  used  for  the  eti^g  rtf  GaAs,  AlGaAs,  arid  InP  [6-8]. 
Ren  er  of.  [9]  uve  investigated  surface  damage  of  CalnAj/AJInAs  etched  using  an  ECR  source 
andArgas.  Etching  with  just  the  inert  gas  is  undesirable  since  sputter  etching  tends  to  generate 
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more  damace  than  when  reactive  flies  tie  ined.  In  thia  mdy,  the  effects  of  microwave  power, 
rf  power,  pressure,  distance,  and  Qi  percentage  on  morpholoQr,  etch  rate,  and  damage  are 
presented. 

Ohmic  contactt  were  dqxMited  on  top  of  GalnAs  after  etching  to  fonn  transmission  lines 
without  annealing.  The  changes  in  pc  and  R«  were  used  as  measures  of  device  damage.  Itwu 
found  that  pe  shows  larger  cl^gest^R«  after  etching.  Schottfcy  diodes  were  fbniwd  on  top 
oi  OalnAsuker  etching.  The  electrical  duncieiistict  of  the  diodes  were  evaluated  as  a  fimcdon 
(tfetchcooditioos. 


EXPERIMENTAL 
Plaama  System 

Dry  etching  was  carried  out  in  a  chamber  consisting  (rf  an  EGK  source  and  an  if-coupled 
stage  [10].  The  source  and  chamber  are  surrminded  by  12  and  16  permanent  magnets, 
respectively.  This  provides  nugnetic  confinement  which  enhances  the  ionization  effimnc^ 
thoeby  increasin|  k»  density.  The  rf  power  is  at  13.56  MHz  and  can  be  uyusted  ftom  O-SOO 
W.  Tte  distance  ftom  the  stage  to  the  ECR  source  can  be  set  ftom  5-23  COL  Ibcse  omtndlable 
parameters  have  the  largest  enea  on  the  ion  energy.  The  gas  can  be  intrtxluced  near  the  su^ 
through  a  pa  ring  or  at  die  source.  In  this  study.  Ar  flow^  through  die  source  gas  ring  white 
CI2  was  injected  at  die  stage. 


Material  and  Device  Structures 

Schematics  of  the  GalnAs  (tevice  structures  are  shown  in  Hg.  1.  Transmissum  lines  were 
formed  on  a  0.5  pm  thick  GalnAs  layer  doped  at  lO^^  cm*^  on  a  semi-insulating  InP  subsnate. 
The  Ti/Pt/Au  (25/S(V300  nm)  ohmic  contacts  for  the  transmission  lines  were  d^osited  diiecdy 
on  the  etched  surface  using  a  standard  liftoff  technique.  The  small  bandgiqi  of  GalnAs  allows 
ohmic  contacts  to  be  fonnM  without  annealing  to  avoid  removal  of  the  damage.  The  niacing 
between  the  c<»tact  pads  ranged  from  2-25  pm  and  the  contact  area  was  70x70  The 
transmission  lines  were  isolated  using  a  wet  chemical  etch  in  H20:C6H8O7:H2O2:H3PO4 
(220:55:5:1).  Rom  the  transmission  line  analysis,  pc  and  R|  can  be  extnicred  [11].  D^ects 
induced  by  etching  could  introduce  leakage  currents;  therefore,  pc  is  expected  to  be  loiwer  on  the 
dry  etched  samides. 


Ti/Au  Schottky 

200  nm  p-'’ GalnAs  2x101^ 

1  pm  n  (aalnAs  IxIO^S 

200  nm  rn-  GalnAs  SxIO'^S 

Ti/Pt/Au  Ohmic  1  1  Ti/Pt/Au  Ohmic 

n***  InP  Substrate 

SCO  nm  n  GalnAs  1x10^6 

Ni/Ge/Au/Ti/Au  Ohmic 

i  SI  InP  Substrate  I 

GalnAs  Schottky  Dkxle 

GalnAs  Transmission  Line 

Figure  1.  Device  structures  including  Schottky  diode  and  transmission  line  used  for  the 
evaluation  of  etch-induced  orenage. 

Due  to  the  low  energy  band^,  Schottky  diodes  cannot  be  formed  on  n-t^  GalnAs.  A 
surface  barrier  enhancement  layer  is  needed  to  increase  the  barrier  height  Therefore,  a  thin  p**- 
GalnAs  terer  was  grown  on  top  of  the  n  layer  for  barrier  height  enhancement  [12].  The  samples 
used  for  (jalnAs  whottky  diode  measurements  consist  of  200  nm  thick  p''’-G^As  (m  1  pm 
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thick  n-GalnAs  laytr.  The  diodei  were  formed  by  dn)oiitinfTi/Au(S(V300iim)  on  the  GalnAs 
layer  after  100  nm  was  mcfaed  and  were  90  fim  in  duuneter.  llie  vaiiatioas  in  barrier  height, 
id^ty  ftctor,  dofdng  [Mofile,  and  breakdown  voltage  were  evaluated  after  dry  etching  and  &y 
can  he  attributed  to  eeh-induo^  damage. 


RESULTS  AND  DISCUSSION 
Etch  Rate  and  htaphriogv 

The  etch  rates  for  GalnAs  and  AUnAs 
were  determined  in  order  to  km  a  consisiem  etch 
depth  for  the  damage  study.  The  etch  rates  were 
found  to  increase  moootonicaUy  with  increasing 
microwave  power,  rf  pow«,  and  CI2  percentage. 
The  etch  rate  decreased  with  incmsing  distance. 
Figure  2  shows  the  effects  of  pressure  on 
GalnAs  and  AlInAs  etch  rates.  Etdi  rates  were 
maximum  at  1  mTorr,  probably  due  to  the 
efficient  coupling  of  the  microwave  pown  when 
the  ECR  condition  was  met.  Using  these 
conditions  at  1  mTorr  provided  smooth  surfaces 
and  an  etch  rate  of  ~30  nm/min.  The  etch  depth 
was  held  constant  at  150  nm  for  the  transmission 
lines  and  100  nm  for  the  Schottl^  diodes.  At 
these  etch  depths,  defect  generation  should  be 
saturated  [1].  For  the  damage  study,  the  ranges 
of  the  parameters  used  was  chosen  to  maintain 
smooth  morphology.  These  include  varying  the 
microwave  power  from  50*150  W,  rf  power 
from  25-200  W,  source  distance  from  5-20  cm. 
pressure  from  0.5-5  mTorr,  and  the  CI2 
percentage  from  0-30%. 


Fig.  2.  Etch  rates  are  maximum  at  1 
mTorr.  The  etch  conditions  were  50  W 
microwave  and  rf  power,  13  cm,  Qt/At 
at  1/9  seem  and  30^. 


Transmission  Line  Measurements 

For  the  transmission  line  measurements,  the  typical  etch  condition  was  50  W  microwave 
power,  50  W  rf  power,  pressure  of  1  mTorr,  source  ttisumce  of  13  cm.  Qt/At  flow  rate  at  1/9 
seem  and  at  30  "C.  The  changes  in  the  self-itiduced  dc  bias  voltage  (IVdcl)  due  to  die  variations  in 
etch  conditions  have  the  strongest  influence  on  pc  The  depen&nce  of  contact  resistivity  on  rf 
power  is  shown  in  Fig.  3.  For  an  rf  power  of  25  W  (IVdcl  =  85  V),  the  dry-etched  sample 
showed  similar  pc  as  the  wet-etched  sample.  At  50  W  rf  power,  IVdcl  increased  to  145  V,  and  pc 
was  reduced  by  70%.  Increasing  the  rf  ^wer  to  2(X)  W  caused  IVdcl  to  increase  to  400  V.  Ttie 
specifre  contact  resistivity,  which  was  signifrcantly  lower  than  the  wet  etched  sample,  decreased 
by  a  factor  of  20  from  8.3-0.4x10*3  Q-cm^.  However,  Rj  was  found  to  be  independent  of  rf 
power.  The  resulu  suggest  that  pc  is  mere  sensitive  to  surface  damage  than  R5. 

Increasing  the  distance  between  the  ECR  source  and  the  stage  from  5-20  cm  causes  the 
IVdcl  to  increase  from  50-165  V.  This  is  attributable  to  the  increase  in  grounded  area  of  the 
chamber  exposed  to  the  plasma.  Hgure  4  shows  the  deoease  in  pc  with  increasing  distance  as 
indicated  by  the  decrease  in  the  y-intercepL  The  leducticm  in  pc  may  be  related  to  the  increase  in 
ion  energy  and  the  decrease  in  etch  rate  at  longer  source  distance. 

Physical  sputtering  can  cause  significant  degradation  in  device  characteristics.  By  adding 
reactive  gases  in  the  discharge,  the  amount  of  damage  can  be  reduced  as  shown  in  Fig.  5.  The 
samples  were  etched  with  50  W  microwave  and  if  power  at  1  mTorr,  13  cm  below  tiie  ECR 
source,  and  at  IVdcl  ==  130  V.  When  pure  Ar  sputteiing  was  used,  significant  damage  was 
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rf  POWER  (W) 


Hg.  3.  Effects  of  tf  power  on  speciflc 
contact  resistivity  of  GalnAs.  The  samples 
were  etched  with  SO  W  microwave  power,  1 
mTorr,  at  13  cm.  Q^/Ar  flow  rate  at  1/9 
seem,  and  at  30 


CONTACT  SEPARATION  Oim) 

Fig.  4.  Transmission  line  measuremenu 
showing  decrease  in  pc  with  increasing 
source  mstance.  The  samples  were  etched 
with  SO  W  microwave  ^wer,  SO  W  rf 
power,  1  mTorr,  Clj/Ar  flow  rate  at  1/9 
seem,  and  at  30  **€. 


Cl,  PERCENTAGE  (%) 

Rg.  S.  Damage  reduction  by  addidtm  of  Cla- 
Etching  was  carried  out  using  SO  W  of 
microwave  and  rf  power,  1  mTorr,  13  cm, 
and  30*0 


PRESSURE  (mTorr) 

Rg.  6.  Reduction  in  damage  by  optimizing 
pressure.  The  etch  conditions  were  SO  W 
microwave  power,  SO  W  rf  power,  13  cm, 
Ot/AtOow  rate  at  1/9  seem,  and  at  30  "C 


generated.  The  decrease  in  pc  due  to  Ar  sputtering  at  ISO  V  was  larger  than  for  a  similar  etch 
condition  where  10%  CI2  was  added  but  higher  fVdcl  at  400  V  was  us^  Addition  of  only  S% 
Q2  to  the  plasma  was  enough  to  increase  Rs  from  l.O-l.SxlO'^  Q-cm,  which  is  similar  to  the 
wet  etched  sample.  Specific  contact  resistivity  inoeased  when  the  C32  addition  was  inoeased  to 
10%;  however,  further  addition  of  Q2  did  not  continue  to  increase  pc  and  it  did  not  fully  recovo’ 
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(0  the  same  level  as  the  wet  etched  sample.  This  i^ain  shows  Pc  is  more  sensitive  to  surfiKe 
damage  th«n 

Hgure  6  shows  that  maximum  pfcoccuned  at  ImToer  where  IVdcl  was  130  V.  Increasing 
the  pressure  to  S  mTtxr  caused  IV^  to  increase  to  160  V  due  to  the  decreased  k»  density.  The 
etch  rate  also  decreased  as  shown  in  Hg.  2.  The  increase  in  km  energy  and  the  decrease  in  eidi 
rate  may  account  for  the  increase  in  suilace  damage  at  higher  pressure.  For  pressure  lower  dian 
1  mToir.  IVdcl  remained  at  130  V,  but  the  etch  rate  decmiaed.  The  decreased  ^  may  be  due  to 
the  slower  damage  removal  at  lower  etch  rate.  For  samples  etched  with  microwave  power 
ranging  firtnn  SO-ISO  W,  the  reduction  in  pc  does  not  show  a  significant  dependence  on 
mkaowave  power. 


SchottoDmfcAialyaa 

Hgure  7  shows  the  severe  degradation  of  diode  characteristics  after  Ar  sputtering.  The 
reverse  breakdown  volta^  (IVbrI)  decreases  from  21-0  V  when  no  02  is  added  in  the  disduige. 
Likewise,  the  banier  height  debases  from  0.62-0.3S  eV.  Hgure  8  shows  Ae  forward  I-V 
curves  after  etching  widi  100%  Ar  and  10-30%  O2  addition.  Ar  sputtering  results  in  an  ohmic- 
like  contact,  whereas  the  samples  etched  with  10-30%  O2  are  very  similar  to  tile  control  sample. 
From  the  C-V  measurements,  the  doping  profiles  after  etching  were  the  same  as  the  control 
sample  when  10%  O2  was  a^Ued.  The  reduction  of  etch-indiwed  damage  by  the  addition  of 
reactive  gas  can  be  related  to  the  increase  in  etch  rate  or  the  passivation  effect  by  the  reactive 
species.  In  general,  the  I-V  curves  of  the  dry-etched  diodes  were  comparabte  to  the  contitti 
sample.  This  shows  that  the  transmission  line  method  is  more  sensitive  to  surface  damage  then 
Schottky  diode  measurements.  With  10%  CI2  addition  in  the  plasma,  pc  was  25%  of  the  conmti 
sample,  while  the  ideality  factor  and  barrier  height  were  approximately  the  same  as  the  control 
sample. 
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Hg.  7.  Barrier  height  and  reverse  breakdown 
voltage  increase  with  addition  of  Cl2.  The 
etch  conditions  are  30  W  microwave  power, 
50  W  rf  power,  1  mTotr,  12  cm,  and  30  ®C. 


Fig.  8  Forward  current  for  Schottky 
di^s  after  etching  under  same  conditions 
as  shown  in  Fig.  7. 
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CONCLUSIONS 


! 

I 


Surface  damage  is  a  coocem  for  devices  with  vertical  and  lateral  dimensions  of  sub- 
micrometBr  scale.  Transmission  lines  and  Schottky  diodes  were  used  to  characterize  surface 
duaage  to  GalnAs-based  devices.  The  specific  contact  resistivity  (as  measured  by  the 
transmission  line  method)  of  ohmic  contacts  deposited  directly  on  the  etched  surtoe  has  been 
shown  to  be  hi^y  soisitive  to  damage  effects  and  it  tends  to  decrease  after  etching.  This  test 
structure  is  most  suitable  to  characterization  of  damage  in  low  bandgap  materials  that  form 
ohmic  contacts  easily. 

It  has  been  stown  that  dam^  can  be  minimized  by  using  low  ion  energy  plasma.  Using 
an  ECR  souice,  this  was  accomplished  by  reducing  the  rf-power  coupled  to  the  stage  and  by 
decreasing  the  stage  to  source  distance.  Additionally,  the  damage  was  reduced  by  using  a 
reactive  gu  that  increases  the  etch  rate,  thereby  removing  or  passivating  damage  as  it  is  cieatKL 
Dry  etch  induced  damage  on  GalnAs  was  found  to  decrease  the  pc,  barrier  height,  and 
breakdown  voltage.  These  device  parameters  can  be  used  as  sensitive  control  signals  to  the 
development  of  damage-free  dry  etc^g  techndogy. 
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STUDY  OF  ZENER  DIODES  BY  SEM-DVC 
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Abstract 

A  Scanning  Electron  Microscopy  method  called  Dark  Voltage  Contrast  (DVC)  was 
applied  for  the  first  time  to  investigate  on  a  microscale,  the  narrow  depletion  region  of  a  Zener 
diode.  Zener  diodes  were  fabricated  by  the  Sprague  Semiconductor  Corp.  using  conventional 
boron  diffusion  into  a  n-type  wafer  with  phosphorus. 

Zener  diodes  were  chosen  because  of  the  presence  of  a  shallow  p-n  junction  and  for  the 
ability  of  Zeners  to  work  in  the  breakdown  regime  where  the  dynamics  of  the  current  might 
influence  the  field  distribution  in  the  p-n  Junction.  The  samples  were  examined  in  the  SEM  with 
a  beam  current  below  50  pA  to  minimize  injection  of  electrons  into  the  depletion  region. 

Reverse  and  forward  biased  diodes  were  examined  and  potential  distribution  information  was 
obtained,  using  Dark  Voltage  Contrast  software.  Doping  information  and  C-V  measurements 
were  used  to  double  check  DVC  depletion  region  measurements. 

The  main  results  of  these  studies  include  measurements  of  electrical  field  for  three 
regimes  of  operation;  forward,  reverse,  and  breakdown,  with  almost  ideal  field  distribution  in 
some  Zeners,  and  fluctuations  in  others.  The  field  irregularities  a.e  related  to  the  defects  in  the 
junction  area.  However  the  amount  of  charge  build-up  appears  to  depend  on  the  current  flow  in 
the  dynamic  regime  for  the  breakdown.  The  typical  measurements  of  depletion  region  width 
were  Wp.l4  4m  when  forward  biased,  WpO.35  pm  at  3-4  volts  when  reverse  biased  and 
W5P  0.44  pm  for  6  v  of  breakdown.  This  data  helps  to  reconstruct  the  diffusion  profile. 

Introduction 

The  interest  in  reverse  bias  and  breakdown  regimes  of  Zener  diodes  ( 1  -3]  is  due  to 
practical  applications  of  these  devices  in  various  circuits  of  hybrid  and  integrated  electronics. 
Th®  '^zk'  voltage  at  the  Zener  knee  and  V^g-operational  voltage  at  the  linear  portion  of  the 

breakdown,  represent  certain  regimes  of  operaliot,  where  different  physical  phenomena  take 
place  in  the  thin  depleted  region  of  a  diode.  The  beginning  of  the  tunneling  at  Vj,j(,  and 
avalanche  increase  of  the  breakdown  current  at  V^q  were  known  via  I-V  characteristics  but  not 
observed  on  a  microscale  until  now. 

A  recently  developed  [4-5]  quantitative  microscopic  technique  called  Dark  Voltage 
Contrast  motivated  us  to  use  Scanning  Electron  Microscope  (SEM-  DVC)  to  characterize  the 
dynamics  of  a  Zener  breakdown  on  a  microscale.  The  goal  of  the  current  paper  is  to  study 
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electrical  field  distribution  in  a  reverse  biased  Zener  diode  and  to  demonstrate  the  correlation 
between  the  device  performance  and  shape  of  the  electric  field  inside  of  a  Zener  p-n  junction. 

Experimental  Results 

The  SEM-DVC  technique  is  described  in  detail  elsewhere  [4-S] .  However  the  principles 
of  this  method  are  simple.  SEM  images  of  an  unbiased  aiid  reverse  biased  p-n  junction  are 
digitized  and  stored  in  a  computer.  Special  software  allows  subtraction  of  the  two  images, 
resulting  in  a  digital  image  of  a  junction,  where  all  the  electrically  active  elements  of  the  image 
such  as  depleted  region,  charged  defects  and  other  sites  of  accumulated  charge  will  show  up. 
Electrically  non  active  features,  such  as  surface  scratches,  and  contaminations  that  appear  in  both 
images  would  be  subtracted  out.  The  subtracted  image  is  then  calibrated  to  the  bias  voltages. 
Analyses  of  the  calibrated  image  allows  us  to  plot  a  one,  or  two  dimensional  distribution  of  the 
potential  step  in  a  p-n  junction.  From  the  potential  distribution  it  is  then  possible  to  reproduce 
the  electric  Held  profile  or  distribution  of  charge  and  a  doping. 

Specifics  of  Tenet  operation  imply  a  special  voltage  calibration  method  for  the  digital 
images.  Simultaneous  measurement  of  I-V  characteristics  with  SEM  -DVC  observation  provide 
the  calibrating  parameters.  In  a  case,  when  the  (Uode  is  reversed  biased  one  can  assume  that  the 
entire  reverse  bias  creates  a  voltage  drop  only  across  the  depleted  region.  However  in  a 
breakdown  regime  a  reverse  current  generates  a  voltage  drop  across  both  the  bulk  of  a  device 
and  the  junction.  Thus,  using  terminal  bias  and  break  down  part  V20  of  current  voltage 
characteristics,  one  can  define  Vp.^  since  Vp.n  =  V5  -Vjq  is  a  voltage  drop  across  the  depleted 
p-n  region  in  the  breakdown  regime. 

Calibration  of  a  forward  biased  diode  presents  further  complication.  The  built-in 
potential  of  a  p-n  junction  is  ueftned  from  capacitance-voltage  C-V  characteristics.  The  first 
SEM  image  is  of  the  diode  forward  biased  at  the  voltage  equal  to  the  built-in  potential,  from 
this,  an  image  of  the  unbiased  diode  is  subtracted.  Hie  resulting  digital  image  is  calibrated  to  the 
built-in  potential,  giving  important  information  about  potential  step  and  the  electric  field  in  an 
unbiased  Zener  diode.  The  built-in  potential  was  measured  to  be  V|,i=  1.3  V,  and  the  depleted 

region  of  an  unbiased  2tener  diode  was  found  to  be  W=0. 14  [tm. 
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Examining  the  I-V  characteristics  of  the  two  Zener  diodes  in  Fig  1,  one  can  see  several 


differences.  Zener  #18  does  not  break  as  abruptly  as  Zener  #19.  This  difference  in 
performance  shows  up  in  the  different  shape  of  the  potential  distribution  across  the  p-n 
junctions.  In  Fig  2,  which  shows  the  SEM-DVC  measurement  of  potential,  one  can  see  the 
steep  potential  step  in  the  case  of  Zener  #19  versus  a  gradual  rise  of  the  potential  for  Zener  #18. 
The  change  of  Zener  knee  voltage  to  breakdown  voltage  V^o  could  be  estimated  by 
AV=V2k-Vzo-  1.7  V  was  established  for  Zener  #19  and  AV=  2.2  V  was  found  for  Zener 
#18.  These  results  correlate  with  the  average  potential  gradient,  9.5  V/pm  measured  for  Zener 
#19  and  5  V/pm  for  Zener  #18  in  Fig  2.  Electric  field  and  charge  profiles  reconstructed  from 
the  potential  distribution  are  plotted  on  Fig  3  for  Zener  #18  and  on  Fig  4  for  Zener  #19.  In 
addition  to  a  suonger  field  in  a  junction  of  Zener  #19  (E=l  x  lO^  v/cm)  versus  a  weaker  field  in 
Zener  #18  (E=4  x  10^  v/cm),  the  information  about  doping  concentration  was  obtained.  The 
maximum  doping  ^  .  the  p-side  was  2.5  xlO^^  cm‘3  for  Zener  #18,  and  8xlO*^cm'3  for  Zener 
#19.''  mmari}  se  measurements  for  the  two  diodes. 


Figure  1:  I-V  characteristics  of  Zener  diodes  #18  and  #19. 
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Figure  3:  Electrical  field  and  charge  distribution  for  Zener  #18 
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Figure  4:  Electrical  field  and  charge  distribution  for  Zener  #19. 

Table  I:  Summary  of  the  results. 


Parameters 

Zener  18 

Zener  19 

Units 

Na 

cm'3 

Nd 

cm‘3 

AV 

V 

DVC  slope 

5 

9.5 

V/pm 

W 

pm 

E-Field 

V/cm 

Charge  Density 

cm'3 

Condusions 

In  the  current  study  the  SEM-DVC  method  was  used  to  assess  the  performance  for 
Zener  diodes.  It  was  demonstrated,  that  the  potential  distribution,  field  and  doping  profiles  in  a 
p-n  junction  could  be  measured  on  a  microscale.  We  learned  that  in  an  abrupt  Zener  p-n 
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junction  the  potential  and  field  distribution  on  a  microscale  often  deviate  from  the  linear  steep 
slope  prescribed  by  theory.  This  deviation  can  be  explained  by  non-ideal  impurity  profiles. 
Although  the  impurity  profiles  are  not  expected  to  be  ideal  on  a  microscale,  the  best  proof  of  it 
would  be  *',econdary  Ion  Mass  Spectroscopy  (SIMS),  which  is  not  provided  in  this  study  but  is  in 
our  fut.  ms. 

We  performed  the  DVC  measurements  of  forward  and  reverse  biased  Zener  diodes.  The 
breakdown  regime  seems  to  need  mote  detailed  analysis,  because  of  the  signiflcant  current  flow 
through  the  p-n  junction.This  work  is  in  our  future  plans. 

We  found  a  correlation  between  performance  (I-V  curves)  of  Zener  diodes  and  the  shape 
of  the  internal  fields  measured  by  SEM-DVC,  That  makes  this  new  electron  microscopy 
technique  a  good  quantitative  measurement  of  semiconductor  devices  fabricated  on  a 
manufacturing  line  or  designed  in  R&D  laboratory. 
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ABSTRACT 

The  growth  of  ternary  semiconductor  compounds  CdisZn^Te  leads  to  poesible  uses 
of  this  material  like  optoelectronic  devices.  In  the  present  work  we  report  the  structural 
characterization  of  C^.taZtioMTe  obtained  by  modified  -  Bridgman  technique. 

Structtiral  studies  were  carried  out  using  Scanning  Electron  Microscopy  (SEM)  and 
Conventional  and  High  Resolution  Electron  Microscopy  (TEM  and  HREM,  respectively). 
Selected  Area  Electron  Diffraction  (SAED)  was  used  to  determine  local  variations  in  com¬ 
position.  Characteristics  of  the  growth  of  the  bulk  samples  were  observed  and  structural 
details  that  might  be  related  with  the  stability  of  ternary  phase  were  derived. 


Introduction 

The  ternary  compound  CdoM^tioMTe  studied  in  this  work  have  promising  applica¬ 
tions  in  a  variety  of  solid  state  devices  such  as  solar  cells  [1],  photodetectors  [2]and  light 
emitting  diodes  because  its  band  gap  is  1.53  eV.  at  300K  [3).  This  II  -  VI  semiconductor 
compound  is  also  good  for  uses  in  medical  imaging  and  offer  more  advantages  in  sensitivity, 
stability  and  commercial  avalability  over  other  materials  like  mercury  iodine  [4].  The  main 
purpose  for  us  in  this  work  is  to  get  large,  high-quality  crystals  for  substrates,  because  the 
quality  of  epitaxial  layers  is  affected  by  the  quality  of  the  substrate  material.  CdZnTe  is 
the  leading  substrate  for  epitaxial  growth  of  HgCdTe  [5  -  7].  Ib  get  good  devices  requires 
improved  control  over  chemical  and  crystallographic  homogeneity  of  the  crystals. 

On  the  other  hand,  the  addition  of  small  quantities  of  Zn,  4%  in  our  case,  in  CdTe 
reduces  the  dislocation  density.  The  pinning  of  defects  by  the  local  strains  is  suggested  as 
the  mechanism  for  the  inq>rovement  seen  in  CdoMZnoMTe  over  CdTe  crystals  [8]. 


Experimental 

The  samples  investigated  in  this  work  were  cut  firom  an  ingot  which  had  been  grown  by 
vertical  modified  -  Bridgman  technique  under  Cd  viq>or  pressure  to  achieve  the  controlled 
constituent  pressure  above  the  melt  [9].  Bridgman  bulk-growth  process  is  a  liquid-phase 
growth  technique  [10],  in  which  the  melt  is  contained  in  a  growth  anqwule  an  is  solidified 
by  lowering  the  ampoule  through  the  tenq>erature  gradient  given  by  an  appropiate  furnace. 
The  actual  pressure  is  regulated  by  the  coldest  region  of  the  ampoule. 

Samples  were  grown  at  R.  Tiriboukt’s  Laboratory  in  the  Laboratoire  de  Physique  des 
Solides,  C.N.R.S.,  Bellevue  in  Dance.  Stoichiometric  quantities  of  the  purified  elements 
were  vacuum  sealed  in  a  pretreated  fused  silica  ampoule  of  about  20  mm  inner  diameter 
and  10  - 15  cm  long.  The  sealed  ampoule  was  inserted  in  an  eight-zone  furnace  controlled 
by  a  computer  to  examine  the  temperature  profile. 
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Figure  1.  SEM  image  of  a  big  grain  of  CdoM^noMTe  crystal. 
Laminar  configuration  and  irregular  details  are  shown  in  this 
sample. 


Figure  2.  Three  different  details  of  a  SEIM  image  of 
a  CdojteZnoxt*  Te  crystal.  The  region  A  shows  a  piling 
up  of  planes,  B  is  a  layered  configuration  region  and 
C  is  a  region  with  rugosities. 


SEM  observations  were  carried  out  in  a  JEOL  5200  microscope  and  TEM  and  HREM 
observations  were  carried  out  in  a  JEOL  4000  EX  equ^ped  with  a  high  resolution  pole 
(Cs=1.00mm).  Fbr  SEM  studies,  small  pieces  (around  0.3mm  in  size)  were  mounted 
directly  on  the  holder.  Fbr  HREM  observations,  samples  did  not  receive  special  thinning 
treatment:  Small  grains  were  cracked  and  grinded  softly  in  an  agata  mortar;  then  the  fine 
powder  was  sprayed,  in  each  case,  on  200  mesh  copper  grids  covered  with  carbon  perforate 
films.  HREM  images  were  obtained  &om  the  thin  border  of  crystallites. 


Results 

We  can  observe  in  the  figure  1  a  SEM  image  of  a  large  grain  of  Cdo.M^no.o4Te  show¬ 
ing  laminar  configuration  in  one  direction  and  a  transverse  phase  with  irregular  details 
which  resemble  an  amorphous  state.  Two  different  phases  are  thus  present  in  our  sample. 
Another  image  of  SEIM  is  shown  in  figure  2  where  we  observe  three  different  details.  That 
marked  with  an  A  shows  a  piling  up  of  planes;  the  B  zone  shows  a  la}ered  configuration 
and  clean  terraces;  the  C  zone  is  similar  to  B  but  with  rugosities  on  the  surface.  The  TEM, 
shown  in  figure  3,  comes  fix>m  the  point  of  a  needle  of  a  CdoM^rtoa*  crystal  and  shows 
a  granular  configuration  with  changing  thickness.  White  dots  in  the  figure  correspond  to 
pinholes  in  the  material.  Another  figure  of  TEM  is  shown  in  figure  4,  where  we  see  a 
laminate  of  CdZnTe  where  a  layered  configuration  is  visible  near  the  rounded  zone.  The 
black  spots  correspond  to  crystallites  growing  in  the  laminates. 


Figure  3.  TEM  photograph  of  the  point  of  a  needle  of  a  CdoM^noMTe  crjrstal,  granular 
configuration  and  pinholes  are  present  in  this  photograph. 


Figure  5  is  a  SAED  patt»n  oomiog  from  a  border  of  the  saIl^>]e  showed  in  figure  3. 
CdZnTe  phase  was  determined  from  similar  pattwa  Figure  6  is  another  SAED  pattern 
firom  a  similar  zone  to  that  presented  in  figure  4.  Spots  coming  from  &ulted  structures 
are  visible. 

Finally,  a  HREM  image,  figure  7,  is  shown  where  three  grains  are  visible.  An  amiphase 
grain  boundary  can  also  be  observed.  Lattice  defects  are  not  visible. 

Discussion 

In  summary,  from  SEIM,  TEM  and  HREM  observations  we  can  conclude  that  the 
ternary  CdoMZnoMTe  growth  produce  laminar  structure  with  no  lattice  defects  in  the 
crjrstals.  Identification  of  a  CdZnTe  phase  was  obtained  from  SAEID  patterns  analysis. 
The  layered  configuration  in  specific  orientations  observed  in  SEM  images  seem  to  be 
connected  with  directional  bonding  among  the  ternary  atoms  in  the  CdTe  structure,  like 
in  the  Diluted  Magnetic  Semiconductors  (11]. 

In  comparison  with  similar  works  we  can  assume  that  good  crystals  of  CdoM^r^M  Te 
lur^  been  successfully  prepared  by  vertical  modified  -  Bridgman  method. 

This  is  a  preliminary  work  in  Cd^^Zn^MTe  and  represents  an  advance  in  the  struc¬ 
tural  understanding  of  this  bulk  material  growth  by  modified  -  Bridgman  technique.  Opti¬ 
cal  characterization  like  Raman,  photoconductivity  and  photoluminescence  and  electrical 
measurements  as  DLTS  method  are  in  progress.  The  goal  is  to  correlate  the  structural 
studies  presented  in  this  paper  with  other  kind  of  characterization. 


I^gure  4.  TEIM  photograph  of  a  CdomZntyMTe  crystal  where  a  layered  configursUiion  is 
shown. 
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Figure  5.  Sefected  Area  Electron 
Difiaction  (SAED)  Pattern  of 
CduMZvfMiTe  crystal 


Figure  6.  SAED  pattern  of  a 
crystal  showing 

qiots  from  the  &ulted  structures. 


Figure  7.  Three  grains  are  observed  in  this  HREM  photograph  of  a  CdojttZnoM'^^  • 
an  antiphase  grain  boundary  can  be  appreciate. 
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ABSTRACT 

We  discuss  an  iqtproach  to  iron  concentration  determination  in  silicon,  based  on  wafer-scale 
surface  photovoltage  measurement  of  the  minority  carrier  diffusion  lengdi  in  the  millimeter  range. 
The  ^>proach  combines  two  novel  aspects:  it  overcomes  the  diffusion  length  to  wafer  thickn^ 
ratio  l^tation  of  previous  SPV  methc^,  and  it  employs  iron  separation  frcm  other  recoiribination 
centers  using  rapid  photo-dissociation  of  iron-boron  pairs.  T^  wafer  thickness  limitation  was 
eliminated  by  using  the  correct  theoretical  SPV  wavelength  dependence  instead  of  simplified 
asymptotic  diffusion  length  form  adopted  in  all  previous  treatments  and  valid  only  for  di^sion 
lengths  much  shorter  than  the  wafer  tluckness.  Photo^ssociation  of  Fe-B  pairs  and  measurement 
of  the  corresponding  decrease  of  the  L  value  (caused  by  creation  of  iron  intosticials)  enables  iron 
detection  in  typical  silicon  wafers  in  times  of  seconds  with  a  sensitivity  in  the  low  108  atoms/cm^ 
range. 


INTRODUCTION 

Iron  is  a  critical  uiKontroUed  contaminant  in  IC  manufacturing  and  equipment.  For  thin  g^ 
oxides  used  in  submicron  technology,  iron  precipitates  near  the  gate  oxide  interface  can  be  a  major 
cause  of  electrical  breakdown.i-2  Maintaining  iron  concentration  below  lO'O  atoms/cm3  (i.e.,  in 
the  part  per  quadbillion,  ppq,  range)  is  a  requirement  facing  the  forthcoming  0.25  pm  technology. 
Since  interstitial  Fe  in  Si  acts  as  an  efficient  recombination  center,  the  process-induced  Fe 
contamination  may  be  detected  by  measurement  of  the  bulk  minority  carrier  lifetime.  In  the  low 
excess  carrier  excitation  limit,  the  product  of  the  minority  carrier  lifetime  x  and  the  diffusicm 
constant  D  gives  the  square  of  the  diffusion  length  L,  L2=Dx.  Thus,  a  diffusion  length  jxovides  a 
measure  of  Ufetime  killing  contaminants. 

In  the  manufacturing  environment,  minority  carrier  diffusion  length  measurements  would  be 
most  beneficial  when  performed  in-line,  on  whole  wafers,  with  minunal  preparation  and  without 
contact  to  the  wafer  surface.  Such  wafer-scale,  noncontact  measurement  of  L  can  be  done  using 
the  surface  photovoltage  (SPV)  method.M  In  this  method  chopped  monochromatic  light  generates 
excess  carriers  which  modulate  a  native  potential  barrier  on  the  semicond'ictor  surface.  The  photon 
flux  <h  is  small  enough  to  assure  linear  SPV  range  where  the  magnitude  of  the  SPV  signal  V  is 
directly  prr^rtional  to  O  and  also  to  the  excess  minority  carrier  ^nsity  An,  beneath  the  surface 
just  outside  the  surface  space  charge  region.  A  resulting  surface  photovoltage  is  picked  up  by  a 
small  transparent  electrode  placed  a  fraction  of  a  mm  above  the  illuminated  surface.  A  second 
electrode,  also  only  oqracitively  coupled  to  the  wafer,  is  provided  by  the  wafer-holding  chuck.  The 
SPV  signal  V  is  mea»ired  for  different  light  penetration  depths,  z=a-'  (where  a  is  the  abscxption 
coefficient  conesprmding  to  preselected  wavelengths)  and  L  is  determined  from  V(z). 


SPV  MEASUREMENT  OF  DIFFUSION  LENGTH 

The  original  SPV  method^  was  based  on  simplified  fcomula  using  the  foUowing  assumption  that 
the  diffusion  length  is  much  shorter  than  the  thickness  of  the  measured  sanqrle  (in  practice  L  < 
T/2).  In  the  1960:  diffusion  lengths  in  silicon  were  about  10  pm  and,  this  simplification  was  very 
well  justified.  The  simplified  formula  was  also  used  in  subsequent  SPV  treatments.3.s  In 
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consequence,  when  applied  to  high-puricy  silicon  wafers  of  the  1990s,  with  L  approaching  1  mm, 
SPY  mediods  failed  in  the  sense  ^  they  only  yielded  the  longest  L  value  of  0.7T  and  were  limited 
by  the  wafer  thickness  rather  than  the  recombination  centers.  W^t  has  been  paiticulaily 
misleading  to  SPY  users  is  that,  in  these  cases,  the  experimental  data  apparently  followed  the 
dependence  on  z  described  by  the  simplified  formula. 

In  the  purest  silicon  currently  availatde,  the  diffusion  lengths  are  of  the  order  of  1  mm  and  they 
exceed  tte  thickness  of  standard  wafers  (S25  (un  to  725  pm).  To  overcome  this  problem,  we  have 
analyzed  experimental  data  in  terms  of  the  full  SPY  expression  as  recently  ptc^x)^  in  Ref.  6.  In 
the  low  excitation  limit  (Aa,  «  po  where  po  is  the  majmity  carrier  concentration  in  the  bulk),  the 
relation  between  the  surface  photovoltage,  Y,  and  the  excess  minority  carrier  concentration.  An,, 
can  be  obtained  from  the  Poisson  equation  and  an  electrical  neutrality  condition.  Independently, 
An,,  can  be  obtained  as  a  function  of  the  li^  penetration  depth,  z,  from  a  steady-state  solution  of 
the  continuity  equation.  For  long  diffusion  lengths,  the  contribution  from  the  li^t  reflected  from  , 
the  back  surface  will  be  neglected  and  we  also  assume  that  z  »  W.  This  assumption  is  of  no 
consequence  as  long  as  z  is  small  in  comparison  with  T.  Based  on  the  treatment  presented  in  Ref 
6,  the  low  excitation  level  surface  pfaotovoltage,  Y  may  be  expressed  as 

Y  =  const  d>eff  f(z),  (1) 

where  «eff  is  the  effective  flux  of  photons  entering  the  semiconductor,  i.e.  corrected  for 
reflectivity.  The  function  f(z)  contains  the  entire  dependence  on  the  light  penetration  depth 

f(z)  =  ( 1  -  Bz/L)/(  1  -  z2/L2),  (2a) 

B  =  ((v/Sb)  sinh  (T/L)  +  cosh  (T/L)j/(sinh  (T/L)  +  (v/Sb)  cosh  (T/L)],  (2b) 

where  Sb  is  the  back  surface  recombination  velocity  and  v  »  D/L  is  the  diffusion  velocity.  The 
front  surface  recombination  velocity  Sf  reduces  the  surface  photovoltage  at  the  same  ratio  for  all 
penetration  depths,  therefore,  it  is  inclu^  into  constant  in  l^n.  (1). 

In  the  constant  photon  flux  SPY  method3.5,  remains  the  same  for  all  employed 
wavelengths.  In  such  a  case  the  experimental  data  normalized  to  any  Yq  at  a  particular  zo 
(typically  the  shtxtest  penetration  deptt)  can  be  fitted  to  Eqn.  (2)  with  two  Gtting  parameters  L  and 
Sb.  For  short  L,  such  that  T  »  L  (in  practice  it  is  sufficient  if  T  z  2L)  sinh  (T/L)  -  cosh  (T/L), 
and  consequently  B  -  1 .  Equation  (1)  becomes  then 

®eff/Y  =  const  (1+z/L).  (3) 

This  expression  has  been  used  in  previous  SPY  methods.  In  the  “constant  magnitude  SPY”  4, 
^etr  is  measured  after  adjusting  the  photon  flux  to  maintain  the  same  Y  values  for  all  penetration 
depths.  In  the  “constant  photon  flux  linear  SPY”  method^,  ^eff  is  constant  and  the  inverse 
photovoltage  1/Y  is  analyzed  versus  z.  In  the  early  laboratory  version  of  SPY7,  neither  Y  nor 
4eff  were  constant  and,  instead,  Y  was  nmmalized  to  known  incident  light  spectrum.  In  all  these 
methods,  the  value  of  L  was  obtained  from  Eqn.  (3)  as  L  =  -Zi„( ,  where  Zim  corresponded  to 
^etr  /Y  =  0.  This  procedure  is  illustrated  in  Figure  1  by  experimental  data  (^rtained  for  a  high 
purity  2  mm  thick  silicon  slab  before  and  after  thinning  to  490  pm.  The  measurements  were  done 
using  a  commercially  available  SPY  system  based  on  the  constant  photon  flux  method.  Before 
thinning  L=  743  pm  and  the  contfltion  T>L/2  is  satisfied.  For  tlun^  wafer  T  <  Land  Eqn.  (3) 
should  not  be  applicable.  It  is  seen  however  that  for  the  thiruud  wafer  the  plot  <hefr/Y  vs.  z 
deviates  only  sli^tly  from  linearity,  and  only  the  intercept  value  of  332  pm  is  about  0.7T,  i.e., 
signiflcantly  below  tte  743  pm  measured  before  thinning.  Hiis  illustrates  the  misleading  character 
of  SPY  aiudysis  based  on  the  standard  short  diffusion  length  expression. 

This  behavior  can  be  readily  explained  using  Eqns.  (I)  and  (2).  For  z/L  «  1,  they  lead  to  an 
approximate  expression,  ♦eff/V  ~  const  (1+z/L*)  where  L*  -  L/B.  Thus,  the  standard  SPY 
procedure  will  give  the  apparent  diffusion  lengths,  L*,  which  is  signiflcantly  different  than  the  teal 
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diffusion  length,  L.  The  factor  B  can  be  notatdy  larger  than  1  for  typical  silicon  wafers  with  non- 
oxidized  surfaces  for  which  the  surface  recombinaticui,  S^,  is  relatively  high,  -■  10^  ctn/s  (note  that, 
in  silicon,  D  is  at  most  33  cmVs  for  minority  elections  and  13  cmVs  for  minority  holes). 

The  determination  of  long  diffusion  lengths  exceeding  the  wafer  thickness  must  be  done  using 
the  complete  SPV  equation  (Eqn.  (2a)  and  (2b))  with  L  treated  as  the  Htting  par-meter.  The 
modified  SPV  plot  showing  the  quality  of  the  fitting  can  be  presented  as; 

V  =  V  ( 1  -  z2/L2)/<beff  =  const  ( 1  -  Bz/L).  (4) 


In  Figure  2  the  same  experimental  SPV  data  as  shown  in  Figure  1  are  presented  in  the  form  of 
the  new  SPV  plot.  The  open  symbols  represent  the  as-measured  values  (for  clarity,  they  are 
normalized  to  Vat  z  -» 0),  the  filled  symbols  correspond  to  V(1  -  z2/L2)  which  decreases  lirieaiiy 
with  z  and  intercepts  the  z  axis  at  zint  =  L/B.  For  thick  wafers,  B  -  1  and  zim  is  equal  to  the 
diffusion  length.  The  value  of  L  =  749  pm  measured  for  2000  pm  wafer  is  very  similar  to  the  one 
obtained  wi£  the  conventional  procedure.  For  thin  slabs,  the  factor  B  =  coth(T/L)  and  the 
complete  equation,  Zm  =  L  tanh(T/L)  has  to  be  solved  for  L.  value  of  L  obtained  with  this  new 
prorxdure  is  760  pm  which  is  in  good  agreement  widi  the  values  obtained  from  the  measurement 
on  thick  slabs.  T^  advantage  of  the  new  procedure  is  a|^>arent  when  this  value  is  compared  with 
only  332  pm  obtained  from  standard  SPV  measurements. 
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Fig.  1  Inverse  sin&ce  photovolcage  vs  light  penetration  Fig.  2  SPV  data  for  the  same  wafer  as  in  Fig.  1, 
depth  for  a  high  purity  silicon  slab  2mm  thick  before  however,  plotted  according  to  the  new  procedure  V  vs  z. 
and  after  thinning  to  490  pm  (O  and  4,  respectively).  Open  symbols  correspond  to  the  as-measured  values, 

filled  symbols  -  to  new  SPV  plot  Eqn.  (4). 


IRON  MONITORING  BY  PHOTO-DISSOCIATION  OF  Fe-B  PAIRS 

Photo-dissociation  of  Fe-B  pairs  combined  with  SPV  diffusion  measurement  has  recently 
emerged  as  a  sensitive  and  very  fast  method  for  determining  Fe  concentration.?  An  isolated 
interstitial,  Fej,  is  a  donor  defect  with  an  energy  level  0.39  eV  above  the  valence  band  and  with 
large  electron  capture  coefficient,  Ci  =  5.5  xlO-7  cmVs.i0-i3  At  room  temperature,  Fej  is  mobile 
and,  in  p-type  silicon,  it  attaches  to  a  negative  boron  forming  an  electrically  neutral  Fei-Bs  pair 
which  has  an  energy  level  0. 1  eV  above  the  valence  band.>e  Tie  electron  caphire  coefficient  of  the 


pair,  is  ten  times  smaller  than  that  of  Fcj,  therefore,  the  pair  dissociation  results  in  decrease  of 
the  dif^on  length.  Iron  concentration  is  determined  from  two  measurements:  when  practically  all 
of  the  Fei  are  paired  and  L  is  at  its  maximum  (which  is  typically  assured  by  24  hour  storage  of  the 
wafer  at  room  tenqierature  or  by  a  20  minutes  anneal  at  80oC),  and  when  all  pairs  ate  dissociated 
and  L  is  at  its  minimum.  The  interstitial  iron  concentration,  Ni^,  can  be  then  determined  from  the 
corresponding  change  of  the  difrusion  length: 


-A(1/L2)  =  D„-i  Ci  Npt  (1  -  Cp/Ci)  =  1.5  X  10-8  Npe,  (5) 

where  Dg  is  electron  diffusion  constant  and  L  is  in  cm.  Previous  procedure  introduced  by  Zoth 
and  Bergholzio  employed  thermal  Fe-B  pair  dissociation  at  temperatures  from  200oC  to  270oC 
followed  by  a  quench  to  room  temperature  in  order  to  minimize  the  pair  reformation  during 
cooling.  main  disadvantage  of  this  procedure  is  that  other  melal-boirm  pairs  (e.g.,  Cr-B),  d 
present,  can  also  thermally  dissociate  causing  ambiguity  ><,  especially  when  monitoring 
uncontrolled  conta’-iination  at  very  low  levels  such  as  ppq  range.  The  ambiguity  can  be  removed 
using  photo-dissociation  instead  of  thermal  dissociation.  The  photo-dissociatirm  appears  to  be  a 
distinctive  feature  of  Fe-B  pairs'^  contrasting  it  to  Cr-B  pairs. 

Experiments  were  performed  on  p-type  Si  wafers  with  resistivity  from  1  to  20  f2cm  and 
corresponding  boron  concentration  from  about  6  x  lO^  cm-3  to  1.5  x  10*8  cm-^.  The  wafers, 
obtaini^  from  commercial  suppliers,  were  measured  as-received,  or  after  a  buffered  HF  dip  which 
enhances  the  SPV  signal.3  Czochralski-grown  silicon,  intentionally  doped  by  adding  Fe  to  the 
melt  and  unintentioiMy  contaminated  w^ers  were  used  with  iron  ccmcentration  ranging  from  8  x 
108  to  1  X  10<3  cm-3.  Diffusion  length  measurements  were  performed  using  the  enhanced  SPV 
procedure  described  above.  Iron  at  concentration  exceeding  5  x  lOio  cm-^  was  confirmed  by  Deep 
Level  Transient  Spectroscopy  (DLTS)  measurement.  Lower  concentrations  were  determined  by 
SPV  using  the  Fe-B  association  kinetics  as  the  Fe  fingerprint  ■(> 

In  the  photo-dissociation  study,  the  wafers  were  illuminated  with  pulses  of  halogen  bulb  light  of 
variable  duration  ( 2-60  s)  and  intensity  (  1-20  W/cm^).  The  experiment  ^ically  started  with  Fe- 
B  pairing  conqileted  as  evidenced  by  diffusion  length  values  close  to  the  high  limit  Lo.  After  each 
series  of  consecutive  light  pulses,  the  diffusion  length  was  measured,  and  process  was  continued 
until  the  lower  limit  L|,  was  reached.  The  fight  intensity  was  always  high  enough  to  assure  a 
photo-dissociation  rate  much  larger  than  thermal  dissociation  and  association  rates.  Following 
photo-dissociation,  the  pair  association  kinetics  was  monitored  by  measuring  the  diffusion  length 
versus  time  while  the  w^er  was  kept  at  a  pre-selected  temperature. 

In  Fig.  3,  the  concentration  of  Fe-B  pairs,  determined  from  diffusion  length  decay  data  using 
Eqn.  (5)  is  shown  as  a  function  of  the  total  exposure  time.  The  upper  figure  corresponds  to  5 
W/cm2  incident  light  with  the  wafers  kept  in  air.  The  pair  concentration  decay  is  an  exponential 
process  characteii^  by  the  photo-dissociation  time  constant  id  °>  13  s,  which  is  similar  for  both 
wafers  in  ^ite  of  the  very  large  differences  in  the  diffusion  lengths  and  the  Fe  concentrations. 

A  striking  reduction  of  Xd  was  observed  upon  surface  passivation  reducing  the  surface 
recombination  [16]  such  as  immersion  in  diluted  HF  or  Si02  coating.  As  shown  in  the  lower 
portion  of  Rg.  3,  for  the  wafers  immersed  in  54b  HF  95%  H2O,  the  Xd  was  about  three  times 
shorter  in  the  long  diffusion  length  wafer,  as  compared  to  that  in  the  short  diffusion  length  wafer. 
In  HF-fHzO,  the  pair  photo-dissociation  was  so  fast  that  the  light  intensity  had  to  be  reduced  to  1 
W/cm2  to  measure  tte  decay.  Sensitivity  to  surface  recombination  proves  the  recombination- 
enhanced  mechanism>3  in  wUch  1/xd  (or  the  dissociation  rate)  is  determined  by  the  crmcentration 
of  excess  electrons.  An.  Under  steady  state.  An  ~  4>/(S  -t-  where  is  the  incident  photon 

flux,  S  is  the  surface  recombination  velocity  and  Dg  and  Lg  are  the  ambipolar  diffusion  constant 
and  diffusion  length,  respectively.  For  S  »  Dg/Lg,  An  is  low  and  virtually  insensitive  to  Lg, 
however  when  S  <  Dg/Lg,  An  increases  and  becomes  sensitive  to  L  consistent  with  Rg.  3. 

The  Fe-B  pairing  after  photo-dissociation  was  found  to  be  identi:..il  to  that  after  thermal 
dissociation.  The  process  was  exptxiential  with  annealing  time  and  the  pairing  time  constant,  Xp, 
was  in  excellent  agreement  with  previous  measurements  and  with  the  pair  association  treatment 
based  on  Coulomb  interaction  mo^US. 
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Fig.  3  An  Fe-B  pair  concentration  decay  vs  exposure  time  to  white  light.  The  “x”  corresponds  to  wafer  (A)  with 
Nb=1.8  X  1015  cm-3,  Lo=1090  pm  and  L|=g48  pm  while  the  “Cf’ corresponds  to  wafer  (C)  with  Nb=I.38  x  10>^ 
cm-3,  Lo=62  pm  and  Lis29  pm.  The  upper  figure  corresponds  to  illumination  in  air  while  the  lower  figure 
corresponds  to  illumination  in  diluted  HF. 
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Fig.  4  SPV  data  for  8-inch  CZ  silicon  wafer  before  and  after  optical  activation  of  iron. 


Optical  iron  activation,  and  a  new  picture  for  measuring  diffusion  lengths  exceeding  the  wafer 
thickness,  have  been  us^  for  determining  iron  concentration  in  state-of-the-art  8-inch  dimeter  CZ 
silicon  us^  for  fabrication  of 486  microprocessors.  The  results  are  shown  in  Figure  4.  The  initial 
difiision  length  value,  Lq  =  1618  fim,  is  more  than  twice  the  wafer  thickness  (the  standard  SPV 
method  would  yield  an  apparent  value  L*  of  only  SSO  pm).  After  ofXical  activation,  this  value 
drops  to  642  pm  which  gives  an  iron  concentration  of  1.4  x  lOio  atoms/cm^.  Based  on  this 
determination,  we  may  conclude  that  iron  is  the  major  diffusion  length  limiting  factor. 

In  the  experiment  discussed  above,  the  diffusion  length  decrea^  by  about  1000  pm,  i.e.,  SO 
times  more  than  the  measurement  uncertainty.  Thus,  the  sensitivity  for  iron  detection  can  be 
estimated  for  the  low  108  atoms/cm^  range,  i.e.,  in  the  several  parts  per  quadrillion  range. 

In  sununary,  we  have  shown  that  a  new  approach  for  measuring  diBtision  lengths  exceeding  the 
wafer  thickness  and  the  optical  dissociation  of  Fe-B  pairs  can  be  combined  to  achieve  non-contact, 
wafer-scale,  almost  instantaneous  determination  of  iron  in  silicon  with  sensitivity  in  the  low  part 
per  quadrillion  range. 
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ABSTRACT 

Triple  crystal  x-ray  diffraction  (TCXD)  is  a  non-destructive  structural  characterization 
tool  capable  of  the  separation  and  direct  observation  of  the  dynamic  (perfect  crystal)  and  the 
kinematic  (imperfect  crystal)  components  of  the  total  intensity  diffracted  by  a  crystal. 
Specifically,  TCXD  can  be  used  to  measure  the  magnitude  of  the  diffuse  scattering  arising 
from  defects  in  the  crystal  structure  in  the  immediate  vicinity  of  a  reciprocal  lattice  point.  In 
this  study,  the  effects  of  BCI3  reactive  ion  etching  (RIE)  on  the  near-surface  region  of  GaAs 
were  investigated  by  analyzing  the  changes  in  the  diffuse  scattering  using  both  the  symmetric 
004  reflection  as  well  as  the  highly  asymmetric  and  more  surface  sensitive  113  reflection. 
While  the  results  from  the  004  reflections  revealed  little  difference  between  the  unetched  and 
the  BCl3-etched  samples,  maps  of  the  diffracted  intensity  around  the  1 13  reflections  showed  an 
unexpected  and  reproducible  decrease  in  the  extent  of  the  diffuse  scattering  in  the  transverse 
direction  (perpendicular  to  the  <  1 13  >  direction)  as  the  RIE  bias  voltage  was  increased.  This 
decrease  suggests  that  the  degree  of  etch  damage  induced  in  the  GaAs  near-surface  region  is 
reduced  with  increasing  bias  voltage  and  ion  energy.  Additionally,  the  symmetry  and 
orientation  of  the  kinematic  scattering  was  altered.  Possible  mechanisms  for  these  results  will 
be  discussed. 


INTRODUCTION 

An  increasingly  common  processing  technique  used  in  compound  semiconductor  device 
and  integrated  circuit  (IC)  fabrication  is  reactive  ion  etching  (RIE).  Etch  uniformity,  material 
selectivity,  and  the  ability  to  etch  semiconductor  materials  anisotropically  with  high 
dimensional  resolution  make  RIE  suitable  to  produce  the  sub-micron  features  required  in 
advanced  microelectronic  devices.  While  RIE  combines  chemical  etching  processes  with 
mechanical  bombardment  of  substrate  surfaces  by  accelerated  ions,  photons,  and  electrons,  it 
is  primarily  the  mechanical  processes  which  give  rise  to  the  greatest  amount  of  surface  and 
subsurface  structural  damage.  Previous  investigations  have  shown  that  RIE-induced  radiation 
damage  to  GaAs  surfaces  results  in  decreased  surface  carrier  concentrations  and  reduced 
Schottky  barrier  heights  [1,2]. 

While  many  investigations  of  process-induced  surface  damage  in  GaAs  have  made  use 
of  electrical  measurements  which  are  quite  sensitive  to  surface  crystallographic  imperfections, 
a  structural  probe  is  necessary  to  determine  the  mechanisms  through  which  various  processing 
techniques  induce  damage,  and  to  correlate  changes  in  electrical  characteristics  to  specific 
structural  defects.  However,  since  fabrication  techniques  are  specifically  designed  to  introduce 
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as  little  damage  into  semiconductor  surfaces  as  possible,  the  analysis  of  defects  generated  by  a 
nominally  "damage  free*  process  would  be  expected  to  be  somewhat  difficult,  even  though 
such  defiKts  may  significantly  affect  circuit  performance. 


Triple  Crystal  X-rav  Diffraction 

Conventional  double  cry^  x-ray  diffraction  (DCXD)  has  traditionally  been  used  as  a 
bulk  materials  characterization  tool.  However,  while  the  total  diffracted  intensity  measured  in 
any  x-ray  diffraction  experiment  consists  of  both  a  dynamic  (perfect  crystal)  and  a  kinematic 
(imperfect  crystal)  component,  these  two  contributions  are  convoluted  in  DCXD,  masking 
quantitative  information  that  can  be  determined  from  either  individual  component  alone.  If  an 
analyzer  crystal  is  inserted  between  the  sample  crystal  and  the  detector  in  a  double  crystal 
configuration,  it  is  possible  to  create  a  map  of  the  t^  diffiacted  intensity  around  a  reciprocal 
lattice  point  by  varying  the  angular  positions  of  the  sample  and  analyzer  crystals  near  their 
exact  Bragg  conditions.  This  experimental  technique  is  known  as  triple  crystal  x-ray 
diffraction  (TCXD),  and  typically  results  in  a  diffrat^  intensity  distribution  in  reciprocal 
space  that  is  illustrated  schematically  in  Figure  1.  The  characteristic  pattern  consists  of  a  main 
'surface  streak*  and  two  "pseudo  streaks*  due  to  strong  dynamical  diffraction  from  the  sample 
crystal,  and  the  monochromator  and  analyzer  crystals,  respectively,  as  well  as  kinematic 
diffuse  scattering,  centered  around  the  reciprocal  lattice  point.  Thus,  one  primary  benefit  of 
TCXD  is  the  capability  of  atudyzing  the  kinematic  diffuse  scattering  in  the  immediate  vicinity 
of  a  reciprocal  lattice  point  separately  from  foe  dynamically-scattered  background  [3]. 

Diffuse  scattering  is  ideally  suited  for  foe  investigation  of  structural  defects  in  crystals, 
since  foe  very  reason  diffuse  scattering  exists  is  due  to  foe  presence  of  defects  such  as 
vacancies,  interstitials,  point  defect  agglomerations,  and  dislocations,  which  distort  lattice 
planes  from  their  nominal  positions.  Recent  high  resolution  x-ray  diffraction  work  involving 
defects  in  group  ni-V  semiconductors  include  studies  of  bulk  defects  in  InP  by  Gartstein  [4] 
and  near-surface  defects  in  MBE-grown  GaAs  by  Bloch  and  co-workers  [S].  We  have 
previously  reported  on  several  high 
resolution  x-ray  diffraction  studiesregarding 
chemical-mechanical  (CM)  polishing- 

induced  damage  to  GaAs  [6],  including 
diffuse  scattering  measurements  by  TCXD. 

This  body  of  prior  work  involving  difiuse 
scattering  measurements  on  semiconductor 
materials  suggests  that  TCXD  is  an  ideal 
technique  for  monitoring  foe  evolution  of 
crystallogr^foic  damage  in  GaAs  due  to 
RIE  processes. 


EXPERIMENTAL 

GaAs  wafers  which  were  CM 
polished  by  the  vendor  and  were  nominally 
oriented  2°  off  <001  >  about  foe  <  110> 


Fig.  1 .  Schematic  TCXD  intensity  distribution. 


446 


axis  provided  the  samples  used  in  this  investigation.  All  samples  were  solvent<leaned  and 
immersed  in  1:10  HC1:H20  for  oxide  removal  immediately  prior  to  loading  into  a 
PlasmaTherm  2482  RIE  system  equipped  with  a  22*  diameter  electrode.  BCI3  gas  was 
introduced  at  a  flow  rate  of  14  seem  ai^  He  gas  was  added  at  6  seem  for  a  resultant  chamber 
pressure  of  3.2  mTorr.  The  bias  voltage  on  the  electrode  was  varied  from  sample  to  sample  in 
order  to  change  the  incident  ion  energy. 

A  Rigaku  RU200  rotating  ano^  generator  set  at  SO  IcV  and  200  mA  provided  Cu  Koi 
radiation,  and  a  Bede  ISO  double  crystal  diffractometer  was  modified  for  use  in  TCXD  [7]. 
Two  grooved  Si  crystals  aligned  for  four  (220)  reflections  in  a  configuration  were 

used  to  monochromate  the  incident  x-ray  beam,  and  a  single  (220)  grooved  Si  crystal  was  used 
as  a  three-bounce  aiudyzer.  As  report  by  lida  and  Kohra  [8],  the  use  of  multiple-bounce 
monochromator  and  analyzer  crystals  result^  in  triple  crystal  diffraction  patterns  free  of  the 
dynamically-scattered  pseudo  streaks  previously  mentioned.  In  order  to  measure  the  total 
diffracted  intensity  around  a  reciprocal  lattice  point,  TCXD  scans  were  conducted  by  rocking 
the  sample  crystal  while  keeping  the  analyzer  crystal  in  a  fixed  position,  incrementing  the 
analyzer  crystal  position,  then  scanning  the  sample  crystal  again  with  the  analyzer  fixed.  After 
completing  a  series  of  scans  for  a  given  sample,  re^  space  diffractometer  coordinates  were 
converted  to  the  reciprocal  space  coordinates  (qx,(ly)  using  the  relations  of  lida  and  Kohra  [8]. 
We  have  previously  described  this  experimental  arrangement  in  greater  detail  elsewhere  [7,9]. 


RESULTS 

Figures  2(a)  and  2(b)  display  the 
diffracted  intensities  measured  about  the 
004  reciprocal  lattice  point  for  an  unetched 
GaAs  sample  (#4A)  which  was  CM 
polished  by  the  vendor  and  a  reactive  ion 
etched  GaAs  sample  (if4B),  respectively. 

For  the  RIE-treated  sample,  a  bias  voltage 
of  -250  V  was  used,  and  the  total  etch  time 
was  IS  minutes,  resulting  in  an  etch  depth 
of  approximately  1,(X)0  Angstroms.  The 
data  shown  in  Figure  2  and  in  all 
subsequent  triple  crystal  scans  were 
contoured  using  the  logarithm  of  the  dif¬ 
fracted  intensity,  with  each  contour  denoting  an  intensity  increment  of  lO^-^s  counts/second. 
The  minimum  contour  level  was  a  log(intensity)  of  0.25,  corresponding  to  approximately  1.8 
counts/second,  which  significantly  exceeded  the  parasitic  background  level.  While  the 
dynamic  surface  streak  as  well  as  the  kinematic  diffuse  scattering  were  present  in  both  cases 
shown  in  Figure  2,  no  significant  differences  were  observed  in  the  diffuse  scattering  using  the 
004  reflections. 

The  symmetric  004  reflection  is  characterized  by  an  x-ray  photoelectric  penetration 
depth  (as  calculated  from  kinematic  theory)  of  15.5  pm  for  90%  absorption  of  Cu  Ka  x-rays 
in  GaAs.  In  contrast,  a  highly  asymmetric  reflection  such  as  the  1 13  reflection  reduces  the 
90%  absorption  depth  to  1.5  pm  [10].  Figure  3  schematically  compares  the  symmetric  (X)4 
and  the  asymmetric  113  diffraction  geometries.  Figure  4  displays  the  TCXD  maps  of 


1 

« 

2 

n 

m 

•2 

i 

4 

■J  -2  1  0  I  2  3  3  -2  -1  0  1  2  3 

q  (10^  Angstroms ') 

Fig.  2.  004  TCXD  sc»ns  (Tom  (a)  MA  (no  RIE) 
and  (b)  MB  (-2S0  V  RIE). 
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Fig.  3.  TCXD  geomdiet  for  (a)  004 
and  (b)  1 13  reflactioiis. 


Fig.  4.  113  TCXD  scans  from  (a)  #4A  (no  RIE) 
and  (b)  MB  (-2S0  V  RIE). 


difftacted  intensity  obtained  using  the  113  reflection  for  the  same  two  samples  (#4A  and  #4B) 
analyzed  above  with  the  004  reflection.  As  expected,  a  difference  in  the  magnitude  of  diffuse 
scattering  was  observed  between  the  unetched  ^  the  plasma-etched  samples.  However,  quite 
unexpectedly,  the  maximum  extent  of  the  diffuse  scattering  in  the  q,  direction  at  the  level  of 
the  minimum  contour  decreased  florn  2.4  x  10^  Angstroms''  to  2.0  x  10'*  Angstroms''  from 
the  CM  polished  sample  to  the  RIE  sample. 

In  order  to  determine  if  this  decrease  in  diffuse  scattering  after  RIE  was  because  the 
concentration  of  defects  was  actually  being  reduced  or  if  a  damaged  layer  remaining  from  the 
CM  polishing  process  was  simply  bdng  etched  away  by  RIE,  another  group  of  GaAs  samples 
was  analyzed  in  which  all  of  the  specimens  were  wet  chemically-etched  in  a  solution  of  3:1:1 
H2S04:H202:H20  prior  to  plasma  etching.  Nearly  2.5  pm  was  removed  from  each  sample  to 
insure  that  any  residual  structural  damage  resulting  from  CM  polishing  was  completely 
eliminated.  The  same  RIE  procedures  described  above  were  used,  except  that  total  etch  times 
were  30  minutes.  Bias  voltages  for  samples  SA  and  5B  were  -1  IS  V  and  -460  V,  reflectively, 
and  sample  SC  was  the  control  sample,  which  was  not  etched  by  RIE.  The  TCXD  diffracted 
intensity  maps  around  the  1 13  reciprocal  lattice  point  for  these  samples  are  shown  in  Figure  S. 
Again,  as  the  bias  voltage  was  increased,  effectively  increasing  the  eneigy  of  the  icms 
bombarding  the  sample  surfaces,  the  amotmt  of  diffuse  scattering  decreased,  indicating  a  more 
perfect  crystalline  structure  in  the  near-surface  regions. 


DISCUSSION 

In  order  to  better  conelate  RIE  process-induced  damage  to  changes  in  diffuse 
scattering,  a  single  parameter  lacm  ^  been  defined  as  the  amount  of  diffracted  intensity 
present  in  addition  to  the  dynamically-scattered  surftwe  streak,  where 

lexctis  =  4a'JJ Inet(qx,qy)  qx  dqxdqy.  (1) 
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Fig.  S.  TCXD  scans  from  (a)  #SC  (no  RIE).  (b)  fSA  (-1  IS  V  RIE).  and  (c)  #SB  (-460  V  RIE). 


lHe,(qx.^y)  is  the  diffracted  intensity  above  an  arbitrarily  designated  minimum  level,  which  in 
this  case  was  chosen  to  be  the  minimum  contour  level  used  in  all  of  the  intensity  distribution 
m^  (100-2S^  or  '1.8  counts/sec).  A  more  detailed  description  of  lacess  cidculations  is 
reported  elsewhere  [9].  Using  this  procedure,  an  ideally  perfect  crystal  should  have  an  lacess 
of  zero;  we  have  verified  this  by  using  a  highly  perfect  Ge  crystal  which  was  grown  with  no 
detectable  dislocations  and  was  extensively  etched  to  remove  all  traces  of  surface  damage.  The 
1 13  TCXD  scan  for  this  Ge  crystal  is  shown  in  Figure  6. 

The  results  of  the  excess  intensity  calculations  are  listed  in  Table  1;  the  integrated 
intensities  are  given  in  arbitrary  units  which  have  also  been  normalized  to  the  excess  intensity 
of  the  respective  control  samples.  In  addition  to  confirming  that  the  BCI3  R2E  process 
employed  in  this  investigation  did  indeed  improve  the  structural  perfection  of  the  GaAs 
samples  treated  (lexcea  values  for  all  of  the  RIE  samples  were  less  than  those  for  the  control 
samples),  some  further  observations  can  be  made  brom  these  results.  The  similarity  in  the 
absolute  excess  intensities  of  the  two  control  samples  (S.62  x  lO*’  for  sample  4A  w.  3.09  x 
lO'^  for  sample  SC)  indicated  that  the  diffuse  scattering  observed  in  sample  4A  was  not  largely 
due  to  residual  CM  polish  damage,  but  rather  could  more  accurately  be  attributed  to  the 
intrinsic  grown-in  defect  structure  of  bulk  GaAs.  Furthermore,  the  values  of  laass 
samples  4B  (-250  V)  and  SB  (-460  V)  relative  to  the  control  samples  were  quite  comparable 
(0.37  for  4B,  0.42  for  SB),  indicating  that  although  increasing  bias  voltages  improved  near- 
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Fig.  6.  1 13  TCXD  lean  from  highly  perfoci  Ge. 


Table  I.  Retalive  excess  intensities. 


Simple 

Iniensity  from  Eqn. 
(0  00’  iib.  units) 

Nonailiscd 

Imenaiy 

perfect 

Ge 

0 

0 

4A 

(no  ME) 

5.62 

1.00 

4B 

(-250  V  RIE) 

2.10 

0.37 

5C 

(no  RIE) 

5.09 

1.00 

5A 

(-US  V  RIE) 

4.12 

O.Sl 

SB 

(•400  V  RIE) 

2.15 

0.42 
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surfiKe  stnichire  lo  a  certain  point,  a  threshold  voltage  may  exist,  beyond  which  no  additional 
structural  improvement  would  be  observed  as  the  bias  voltage  is  increased. 

At  the  higliCT  voltages,  there  may  be  an  etch  rate  limitation  due  to  the  deposition/re- 
dqxMition  of  chemical  reaction  products,  or  the  chemical  reactions  themselves  may  be 
inhibited.  As  for  the  improvement  in  structure  after  RIE,  it  is  conceivable  that  a  process  such 
as  the  phenomenon  of  ion-assisted  athermal  tc-crystallization  [1 1]  is  occurring.  While  it  is  not 
yet  possible  to  rigorously  assign  a  mechanism  to  the  structural  changes  observed  during  RIE  of 
GaAs,  these  results  do  suggest  that  further  study  of  possible  phenomena  such  as  point  defect 
migration  and  dislocation  annihilation  are  warranted. 


CONCLUSIONS 

High  resolution  TCXD  has  been  very  effectively  used  to  map  the  diffracted  intensity 
distributions  of  GaAs  samples  subjected  to  ^3  RIE.  These  measurements  have  resulted  in 
the  definition  and  calculation  of  an  excess  diffose  intensity  parameter  which  can  be  directly 
correlated  to  structural  perfection,  and,  in  the  case  of  1 13  reflections,  is  very  sensitive  to  near- 
surfoce  regions.  Unexpectedly,  the  structural  perfection  of  the  GaAs  samples  actually 
improved  after  RIE.  These  results  have  led  to  continued  x-ray  analyses  and  complementary 
characterization  techniques  to  gain  a  better  understanding  of  the  underlying  microscopic 
mechanisms  involved  in  RIE  of  GaAs. 


ACKNOWLEDGMENTS 

We  gratefully  acknowledge  the  support  of  the  National  Science  Foundation  under 
grants  ECS-8908439  and  DMR-8907372.  One  of  us  (VSW)  acknowledges  the  support  of  a 
National  Defense  Science  and  Engineering  Graduate  Fellowship. 


REFERENCES 

1.  S.W.  Pang,  J.  Electrochem.  Soc.  133,  784  (1986). 

2.  T.  Hara,  H.  Suzuki,  A.  Suga,  T.  Terada,  and  N.  Toyoda,  J.  Appl.  Phys.  62,  4109  (1987). 

3.  P.F.  Fewster,  J.  Appl.  Cryst.  22,  64  (1989);  ibid.,  24,  178  (1991). 

4.  E.L.  Gartstein,  Z.  Phys.  B.  88,  327  (1992). 

5.  R.  Bloch,  D.  Bahr,  J.  Olde,  L.  Brugemann,  and  W.  Press,  Phys.  Rev.  B.  42,  5093  (1990). 

6.  V.S.  Wang  and  R.J.  Matyi,  J.  Electron.  Mat.  21,  23  (1992);  Mater.  Res.  Soc.  Proc.  259, 
335  (1992);  J.  Appl.  Phys.  72,  5156  (1992). 

7.  R.J.  Matyi,  Rev.  &i.  Instrum.  63,  5591  (1992). 

8.  A.  lida  and  K.  Kohra,  Phys.  Stat.  Sol.  A51,  533  (1979). 

9.  V.S.  Wang,  R.J.  Matyi,  and  K.J.  Nordheden,  J.  Appl.  Phys.,  in  press. 

10.  M.A.G.  Halliwell,  Inst.  Phys.  Conf.  Ser.  (4th  Int.  Symp.  on  GaAs  and  Related 
Compounds)  17,  98  (1973). 

11.  J.E.  Greene,  in  The  Handbook  of  Crystal  Growth.  Vol.  1:  Fundamentals,  edited  by 
D.T.J.  Hurle  (Elsevier,  Amsterdam,  in  press);  S.  Nikzad  and  H.A.  Atwater,  Mater.  Res. 
Soc.  Proc.  223,  53  (1991). 


4S0 


NEW  ALGORITHMS  FOR  RAND  FUlX-W  AFER  MAFPDiG  RY  HIGH 
RESOLimON  DOITBLE  AXIS  X-RAY  DIFFRACTION. 

NLOXLEY,  SCOOPRTON.  L  M  COOKE.+ T  GRAY.+  BK  TANNER* 
ANDDKBOWEN^*^ 

Bede  Scienttfic,  Bowbunt,  Durhcam,  DH65PF,  UK 

'^’Bede  Scientific  SafiMn  Division,  University  of  Warwick  Science  Park,  Coventry,  CV4  9EZ, 
UK: 

Department  Physics,  Durham  University,  South  Road,  Durham,  DHI 3LE,  UK 
Department,  of  Engineering,  Warwick  Imiversity,  Coventry,  CV4  7AL,  UK 


ABSTRACT 

We  describe  successful  algorithms  for  rapid  ali^iment  of  the  Bragg  planes  normal  to  the 
incidence  plane  in  a  high  resolution  X-ray  diffraction  experiment.  One  is  q>propriate  to  the 
surfiu:e  symmetric  geometry  and  uses  a  technique  of  rotation  about  the  q>edmen  normal. 
From  an  experimental  study  of  the  roddng  curve  shape  as  a  fimction  of  tilt,  we  have 
developed  a  new  algorithm  wdiich  uses  tilting  about  an  axis  formed  by  the  intersection  of  the 
spedmen  and  incidence  planes.  This  has  be«  shown  to  be  rdiable  for  rapid  optimization  of 
the  diffraction  comlitions  for  wafers  cut  up  to  15°  off  the  (001)  plane  and  for  asymmetric 
reflections.  Additionally  algorithms  are  outfined  which  permit  rapid  location  of  the  maxinium 
of  the  Bragg  peak  and  deduction  of  the  mean  uafEr  curvature  from  the  X-ray  data 

INTRODUCTION 

Double  axis,  or  hi^  resolution.  X-ray  diffraction  [1]  is  now  widdy  used  for  the  non-invasive 
determination  of  the  composition,  thickness  and  p^ection  of  mitaxial  layers  of  compound 
semiconductors.  Appropride  design  of  the  X-ray  optics  enables  the  coherency  of  the  epitaxial 
layer  to  be  determine.  In  instruments  such  as  the  Bede  QC2  diffractometers  [2],  cap^le  of 
fr(k  mapping  over  an  area  up  to  ISO  mm  square,  and  in  a  dean-room  production  environment, 
the  orientation  and  aligning  time  oveih^  is  of  considerable  im^rtance.  It  is  therefore 
crucial  that  effrdott,  effective  algorithms  are  used  to  permit  this  task  to  be  undertaken 
autorrutically.  In  hi^  resolution  X-ray  diffraction,  the  prirr^  task  is  to  locate  the  Bram  peak 
by  rotating  the  specimen  crystal  in  the  incidence  plane  (defined  by  the  incident  and  difiracted 
beams).  However,  in  order  to  minimize  the  Bn^  peak  width,  and  hence  maximise  the 
resolution,  it  is  also  important  to  adjust  the  Bragg  planes  to  lie  normal  to  the  incidence  plane. 
We  describe  efficient  algorithms  to  achieve  these  adjustments  together  with  a  method  of 
determining  wafer  curvature  directly  from  a  grid  of  rocking  curves  recorded  point  by  point 
across  the  wafer.  They  have  been  extensively  tested  in  many  locations  around  the  world. 

BRAGG  PEAK  LOCATION 

The  algorithm  which  we  use  for  locating  the  Bragg  peak  is  a  simple  binary  search  followed 
by  a  systenutic  climb  up  to  the  peak  mardnuim.  From  the  start  position,  the  specimen  is 
scarmed  on  Axis  2,  which  is  nomial  to  the  inddence  plane,  a  short  distance  in  the  sense  of 
increaring  Bragg  angle.  The  count  rate  in  the  detector  is  continuously  monitored  and  if  it 
exceeds  a  preset  threshold,  the  bina^  search  is  tominated.  If  this  does  not  occur,  the 
specimen  is  returned  to  the  start  position  and  scanned  twice  the  distance  in  the  opposite 
direction.  If  the  threshold  is  again  not  exceeded,  the  specimen  is  rotated  to  the  end  point  of  the 
initial  forward  scan  and  is  then  scanned  an  angle  twice  that  of  the  previous  range.  Thus  if  the 
first  search  range  is  100  unit^  the  search  sewence  is:  +100,  -200,  +400,  -800,  +1600,  etc. 
This  sequence  is  repeated  until  the  threshold  is  exceeded  or  a  scan  range  limit  is  exceed^. 
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Once  the  threshdkl  is  reache4  the  spedmen  is  driven  in  the  same  sense  and  the  couitt  rate 
again  recorded.  This  sequence  drives  the  qreciinen  over  the  Brags  peak  and  the  scan  is 
terminated  vdiai  the  count  rate  is  three  staiidard  deviations  bdow  tM  maximum  count  rate 
recorded.  After  a  motion  to  take  out  backlash  in  stepping  motor^gearbox  trains,  the  specimen 
is  set  to  the  angular  position  at  which  the  maximum  coum  rate  ocrarred. 

AUGNMENT  OF  BRAGG  PLANES  NORMAL  TO  THE  PLANE  OF  INCIDENCE 

An  automated  procedure  for  this  somewhat  tedious  process  of  aligning  the  dlfftaction 
vectors  in  the  first  and  second  crystals,  using  a  conventional  tilt  stage,  has  been  given  by 
Fewster  [3].  It  does  fail  in  a  some  circumstances  and  is  not  a  rapid  algorithm,  having  the 
disadvantrme  that  the  end  point  relies  on  the  determination  of  the  maximum  of  a 
relatively  broad  peak  (at  least  when  the  incident  beam  is  not  highly  divergent).  A 
different  method,  based  upon  the  rotation  of  the  specimen  about  the  surface  normal,  has 
been  described  Tarmer,  Chu  and  Bowen  [4|;  thB  depends  upon  a  geometrical  location 
of  the  end  point  and  should  in  general  be  more  rapid  W  a  comparwle  accuracy.  It  also 
lends  itself  to  automation  but  it  will  only  work  for  synunetrical  reflections. 

ROTARY  OPTIMISATION 

In  the  following,  the  first  crystal  is  assumed  to  be  set  correctly,  the  spedmen  is  mounted  on 
Axis  2.  and  Rota^  2  is  the  axis  carried  on  Axis  2,  normal  to  the  specimen  surfime.  The 
algorit^  uses  the  concert  that  the  crystals'  reflecting  planes  are  paralld  when  the  reflecting 
plane  normal  is  rotated  to  lie  in  the  incidence  plane,  and  the  Bragg  ande  has  been  found.  The 
routine  works  on  the  prindple  that  if  the  reflecting  plane  is  not  exactfy  parallel  to  the  crystal 
surface,  its  normal  will  process  about  the  rotation  axis  on  driving  Rotary  2,  and  hence  sweep 
the  reflecting  plane  through  the  Bragg  angle  twice.  The  optimum  position,  i.e.  when  the 
reflecting  plane  normal  is  parallel  to  the  normal  of  the  first  crystal's  reflecting  plane,  is  exaaly 
half-way  between  the  positions  of  these  two  reflecting  positions.  This  is  illustrated  in  Fig.  1 
(a),  which  shows  a  360°  Rota^  2  scan  of  a  sample  with  a  single  epilayer,  indicating  the 
positions  of  Rotaiy  2  (A3)  which  will  ^ve  perfect  alignment  of  the  diffiruxing  planes.  The 
plot  is  symroetridd  about  the  ideal  position,  irrespective  of  the  complexity  of  the  rodcing 
curve,  thus  giving  a  geometrical  means  of  finding  the  ideal  position  without  having  to  find  any 
maxiinum  positions  or  even  having  to  dedde  which  is  the  substrate  peak. 


Rotation  angle  (degrees)  Rotation  angle  (degrees) 

Fig  1  .(a)  Intensity  for  a  single  ^ilayer  Fig  1(b)  Bragg  peak  position  w.  rotation  angle 
on  a  substrate  versus  rotation  angle 
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The  peak  is  first  fbund  by  a  positiye  sense  search  on  the  Rotary  2  axis.  Since  wafers  are 
usually  tome  fiactiont  a  degm  misorieiMd  from  the  nominal  cryidtallographic  plane  •  and 
someomea  deliberated  ofifret  ^up  to  4  degreee  •  this  proyidea  a  riiiA  scan  over  a  relatively 
large  an|^.  (If  this  mife,  a  binary  search  is  made  on  Axis  2.)  Whn  the  Bragg  poti^  is 
loaited  (Y  in  Rg  1(b))  on  the  positive  sense  Rotary  2  scan,  this  axis  is  searched  in  the 
opposite  dkection  to  md  the  'coryugate^  Bragg  peak  X.  The  correct  setting  of  Rotary  2  is 
midwiy  between  thne  two  peaks  [4], 

Before  driving  it  all  the  way  there,  it  is  driven  a  short  way  in  the  previous  direction  and  an 
Axis  2  search  perfivmed  in  order  to  detemxne  the  rfirection  in  wiiidi  the  peak  shift  is 
occurring.  A  filial  Axis  2  search  shouU  locate  the  pe^  in  its  optimised  positi^  The  main 
parameter  that  must  be  qiecified  is  the  criterion  fiir  folding  a  peak,  Le.  a  count  rate  that  is  well 
above  badcground  but  below  the  peak  maximum.  Note  that  if  there  are  multi|de  peaks  in  a 
system,  it  is  safiest  that  the  ‘peakfb^  criterion*  is  set  below  the  Ugliest  peak  but  above  all  the 
others,  or  the  algorithm  may  not  give  rdiable  results.  The  Rotary  2  step  dmuld  typically  be  1 
degTM  per  10*  of  rockiflg  curve  width,  and  the  Axis  2  step  ifodut  1  or  2  times  tM  expected 
rocldngcurve  width.  If  th^  parameters  are  too  coarse  the  algorithm  will  fiul.  In  practice  it  is 
not  difficult  to  find  appropiiate  puameters  for  quite  complex  layer  structures  and  the 
parameters  will  be  uncli^ed  ftir  typical  growth  fluctuations,  making  me  method  very  suitable 
for  production  control. 

A  simplified  flowchart  of  the  algorithm  is  shown  in  Fig  2.  Not  shown  in  the  flowchart  are 
various  tests  which  are  incorporated  to  cope  with  unusual  conditions.  For  example  if  the 
specimen  is  already  on  a  pe^  when  the  algorithm  is  initiated,  one  must  move  off  the  peak  and 
then  back  again,  to  be  quite  certain  wfoch  side  of  the  pok  has  been  found.  Consistent 
statistical  tests  at  three  standard  deviation  levd  are  af^lied  to  determine  v^Kther  a  thre^ld 
has  been  crossed,  and  the  gating  time  of  the  detector  is  automatically  set  to  determine  each 
count  with  suffident  precision. 


Figure  2.  Rotary  optimise  routine 


TILT  OPTIMISATION 

When  the  Bragg  planes  are  misait  by  several  degrees  from  the  wafer  surfrce;  the  rotM^ 
optimise  algorithm  becomea  very  alow,  as  a  very  small  stq>  is  required  on  the  Rrrtaiy  2  axis. 
Where  asymmetric  diffiactii^  planes  are  uMd,  the  rotary  optitniae  algoritiun  does  not  work.  It 
then  becomes  essential  to  ahgn  the  diffiaction  vector  by  rotating  the  intersection  of  the 
Bragg  planes  with  the  indde^  plane. 

Fi^e  3  shows  a  3D  presentation  of  variation  of  diffiacted  intensity  for  different  positions 
of  tilt  and  Axis  2  for  a  sin^e  layer  of  AlGaAs  on  GaAs.  The  data  were  aqcuired  by  recording  a 
sequence  of  loop  scans  on  Axis  2  of  a  Bede  QC2a  diffiactometer  with  the  tih  b^ween 
referen^  and  specimen  crystals  altered  between  each  scan.  We  note  the  very  sharp  rise  in  the 
peak  difi&acted  intensity  as  the  tih  becomes  small.  It  is  also  clear  that  the  sq>aration  of  the 
substrate  and  layer  peaks  in  Axis  2  scans  remains  constant,  indmendem  of  tih  to  first  ordo-,  as 
has  been  shown  thMretically  by  Fewster  [3].  The  af^oximat^  parabolic  shape  (in  the  X-Y 
plane),  clearly  seen  in  the  figure,  is  used  the  algmthm  with  a  stq>  and  hop  p^-climbing 
routine  to  reach  the  apex  of  the  intenrity  curve. 


Fig.  3  Intensity  for  different  incidence  and  tilt  angles  from  a  single  layer  of  AlGaAs  on  GaAs. 

The  flowchart  for  the  Tilt  Optimise  routine  is  shown  below  in  Fig  4.  The  flowchart  above 
^ves  a  presentation  of  the  algorithm  for  the  Tilt  Optimise  routine.  The  aim  of  the  routine  is 
to  position  the  specimen  such  that  the  difliraction  vector  of  the  sample  is  parallel  to  the 
dif^ction  vector  of  the  reference  crystal  or  monochromator.  A  threshold  level  is  d^ned  by 
the  user  and  then  Axis  2  is  moved  to  find  a  peak  as  described  ateve.  To  determine  the 
direction  of  the  peak.  Axis  2  is  moved  in  negative  direction  until  the  countrate  is  significantly 
less  then  the  tlveshold.  We  are  now  at  point  O  in  the  flow  diagram.Axis  2  is  driven  in  the 
positive  directioi^over  the  peak,  until  tte  intensity  has  fallen  by  neater  than  or  equsJ  to  2a 
(two  standard  deviations)  below  the  maximum  for  this  scan  (point  9  in  Fig.4). 

Since  the  direction  of  tilt  is  unknown,  the  tilt  stage  is  moved  by  one  step  in  the  same 
direction  as  that  in  which  it  was  last  moved.  If  me  intensity  has  increased,  then  the 
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direction  of  tilt  is  reversed.  The  is  crossed  again  by  adjustiw  the  scanning  axis 
^Axis  2)  and  the  new  peak  intensity  recorded  and  compared  wim  the  former  peak 
intensity. 


Fig.  4  The  tih  optimise  algorithm 


The  program  now  climbs  the  ridge  of  the  parabol^  adjusting  Tilt  in  the  direction  set  above, 
and  moving  Axis  2  across  the  poik  repeatedly,  untU  the  intensity  has  risen  and  fidlen  by  3a. 
We  have  now  moved  up  and  over  the  peak  arm  are  at  point  •  on  the  flow  diagram.  Figure  S 
shows  the  step/hop  section  of  the  routine.  Finally,  to  recover  any  overshoot,  the  tilt  is  reversed 
and  the  ridge  is  climbed  in  a  siniilar  way  until  the  intensity  is  within  lo  of  the  maximum  peak 
intensity  measured.  At  this  point  the  routine  finishes  and  the  optimisation  process  is 
completed.  The  scanning  axis  O^xis  2)  may  also  be  returned  to  the  crest  of  the  peal^  which  is 
especially  useful  for  centied  scans,  but  is  not  essoitial  for  taking  rocking  curve  data.  We  have 
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fcHind  this  algorithm  to  be  highly  rdiable  and  paiticulariy  usefiil  for  m-V  wafers  cut  15°  off 
the  low  index  surftce. 


Tilt 


DETERMINATION  OF  WAFER  CURVATURE 

Wafers  covered  by  a  strained  epitarial  layer  adopt  a  bowed  equilibrium  shape.  As  a  diffraction 
experiment  measures  the  curvature  of  the  Bragg  planes  principally  nom^  to  the  incidence 
plane,  the  measured  curvature  is  approximately  cylindrical.  Under  this  assumption,  it  is 
extremely  simple  to  use  the  position  of  the  Bragg  peak  from  the  substrate  recorded  as  a 
function  of  position  during  a  g^id  scan  across  the  wafer  to  determine  the  radius  of  curvature.  If 
the  position  of  the  Bragg  pe^  at  an  arbitrary  ori^  on  the  wafer  is  d  ,  then  at  a  distance  s 
(measured  in  the  incidence  plane),  the  Bragg  p(^  position  0  is  related  to  the  radius  of 
curvature  R  by; 

H  =  a  +  (s/R) 

If  the  data  are  taken  in  an  x,y  scan  at  an  anglea.  to  the  incidence  plane,  s  =  x  cosa.  +  ysina. 
The  (cylindrical)  radius  of  curvature  /{ in  the  incidmce  plane,  is  then  simply  derived  from  the 
data  set  by  a  linear  regression. 

CONCLUSIONS 

The  algorithms  described  have  all  been  successfiilly  implemented  into  quality  control  high 
resolution  diffiactometers  which  provide  rapid  area  mapping  of  wafers  up  to  ISO  mm 
diameter.  They  provide  a  nqiid  means  of  optimizing  the  data  quality  without  significant  penalty 
in  time  or  opmtor  expertise. 
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ABSTRACT 

It  has  been  have  demonstrated  that  synchrotron  white  beam  x-ray  topography  can  be  used 
to  characterize  IR  detector  materials  at  nearly  every  stage  in  the  manufacturing  cycle,  including: 
as-grown  CdZnTe  single  ciystal  boules;  substrate  wafers  cut  from  different  positions  m  the 
boules;  thin  films  grown  on  characterized  wafers;  and  HgCdTe  focal  plane  array  structures. 
Special  diffraction  geometries  have  been  developed,  taking  advantage  of  the  broad  wavelength 
spectrum,  large  beam  size,  and  high  intensity  of  the  synchrotron  radiation  source,  to  enable  rapid 
and  non-destructive  assessment  of  defect  densities  and  strain  distributions  after  each  processing 
step.  This  diagnostic  method  has  important  implications  for  increasing  the  producibility  of  focal 
plane  arrays.  Boule  characterization  can  reveal  defects,  grain  orientation,  interfaces  and  strains, 
and  provides  guidance  for  optimal  slicing.  Wafer  characterization  produces  multiple  topographic 
images,  providing  both  defect  mapping  and  depth  profiling  in  a  single  exposure.  Finally,  x-ray 
topography  of  HgCdTe  focal  plane  array  test  articles  reveals  subsurface  damage  not  observable 
by  optical  or  IR  microscopy.  The  applicability  of  this  technique  to  evaluate  yield,  quality,  and 
reproducibility  will  be  discussed. 


INTRODUCTION 

The  low  yield  and  high  cost  of  II- VI  based  IR  detectors  has  created  a  need  for  better  non¬ 
destructive  screening  techniques  applicable  at  each  stage  of  the  manufacturing  process  [1].  The 
requirements  for  larger  focal  plane  size,  higher  integration  density,  and  better  device  sensitivity 
can  only  be  met  by  improved  control  of  the  quality  of  the  materials  used  to  manufacture  the 
detectors  [2].  The  density  of  crystallographic  defects,  such  as  twins,  grain  and  subgrain 
boundaries,  slip  bands,  and  dislocations,  in  both  substrate  wafers  and  subsequently  grown  films  is 
currently  quite  high  compared  to  Si.  As  a  result,  development  of  effective  methods  capable  of 
revealing  such  crystallographic  defects  and  providing  insight  into  the  relevant  mechanism  of 
generation  of  particular  defects,  leading  to  improvement  of  the  perfection  of  the  materials  ‘ised 
for  devices  is  very  important  [3]. 

Currently  etching  is  the  major  tool  used  to  monitor  crystal  quality  in  detector 
manufacturing  processes  [4].  Unfortunately,  etching  is  a  destructive  process  and  can  only  be 
applied  at  a  few  stages  of  manufacture.  The  defects  revealed  are  only  those  intersecting  the 
wafer  surface  and  their  character  cannot  be  routinely  determined.  In  addition,  etching  can  only 
be  used  on  specific  crystallographic  planes  and  the  one  to  one  correspondence  between  etch  pits 
and  defects  is  not  well  established.  With  this  in  mind  we  have  developed  an  improved  screening 
methodology  employing  the  technique  of  synchrotron  white  beam  x-ray  topography.  We  have 
followed  almost  all  of  t.ie  steps  in  the  manufacturing  process  with  rapid  turnaround  and  have 
demonstrated  that  our  technique  can  provide  useful  information  essential  for  (1)  improvement  of 
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the  quality  of  substrate  crystals,  (2)  improvement  of  the  substrate  wafer  slicing  process,  (3) 
monitoring  epitaxial  film  qualities,  and  (4)  the  tracking  of  imperfections  in  the  devices. 


EXPERIMENTAL  TECHNIQUE 

Since  the  substrate  crystals  are  grown  by  an  unseeded  Bridgman  technique,  the 
orientation  of  the  single  crystal  ingot  is  unknown  and  difiTers  fi'om  crystal  to  ciystal.  The  crystal 
quality  at  different  positions  in  the  ingot  is  also  different.  Due  to  the  white  nature  of  the 
synchrotron  radiation  source,  topographic  images  can  be  obtained  without  pre-determination  of 
the  ingot  orientation,  since  each  set  of  crystallographic  planes  can  chose  its  own  difiraction 
wavelength  according  to  the  Bragg  angle  utilized.  In  addition,  because  of  the  area-filling  nature 
of  the  synchrotron  radiation  source,  which  in  our  case  is  S^O.S  cm^,  large  areas  of  ingot  can  be 
characterized  in  a  single  exposure.  By  setting  the  x-ray  beam  at  about  IS  with  respect  to  the 
crystal  growth  direction,  several  dififiaction  images  of  the  ingot  sur&ce  in  the  circumferential 
direction  can  be  obtained  in  a  single  shot.  This  incidence  angle  is  chosen  to  ensure  that  sufficient 
x-ray  penetration  is  obtained  for  most  of  the  diffiaction  images  so  that  the  images  are 
representative  of  the  bulk  quality  of  the  ingot,  instead  of  just  the  surface.  By  rotating  the  ingot  4 
to  8  times  around  the  growth  direction,  the  whole  ingot  surface  can  be  characterized  in  several 
diffraction  images. 

For  a  (1 1 1)  oriented  substrate  wafer  and  subsequently  grown  epitaxial  thin  film,  we  set 
the  diffiaction  geometry  such  that  the  incident  x-ray  beam  is  perpendicular  to  the  [01 1  ]  direction 
and  makes  81*  with  respect  to  the  [2 1  1  ]  direction  [S].  In  so  doing  good  contrast  (422),  (533), 
(220),  (202),  (331),  (313),  (551X  (515),  (55T),  (5T5),  (642),  and  (624)  diffiaction  images  can 
be  recorded  on  a  single  8x10  In^  x-ray  film.  Each  of  these  diffiaction  images  has  different 
penetration  depth,  strain  sensitivity.  They  also  provide  extinction  conditions  for  [01 1  ],  [1 1 0], 
and  [101]  Burgers  vectors  respectively.  Therefore,  a  single  exposure  can  provide  a  vast  amount 
of  information.  Experimentally,  the  (Oil)  mirror  plane  facilitates  the  orientation  of  the  crystal 
with  respect  to  the  incident  x-ray  beam  and  film  easy. 


RESULTS 

Figure  I  shows  a  topograph  of  a  CdZnTe  ingot.  It  reveals  the  quality  of  the  ingot  along 
the  longitudinal  direction  and  the  strain  distribution  near  the  surface  of  the  ingot  along  this  side  of 
the  ingot  surface.  The  orientation  of  the  crystal  closest  to  the  beginning  of  the  growth  process  is 
not  the  same  as  the  rest  of  the  ingot.  The  quality  of  the  major  part  of  the  ingot  is  good  but  it 
deteriorates  in  the  region  closest  to  the  end  of  the  growth  process.  However,  there  is  a  large 
twin  in  the  middle  part  of  the  ingot.  The  twin  appears  curved  on  the  topograph  due  to  the 
curvature  of  the  ingot  surface.  Detailed  examination  of  the  topographs  reveals  that  there  are 
linear  and  cellular  structures  distributed  at  different  positions  of  the  ingot.  Figure  2  shows 
reflection  topographs  of  both  A  and  B  surfaces  of  the  same  substrate  wafer  fi'om  vendor  A. 
Figure  3  shows  topographs  of  3  (11 1)B  oriented  CdZnTe  substrate  wafers  fi'om  vendors  A,  B, 
and  C,  respectively  and  LPE  HgCdTe  films  subsequently  grown  on  them  by  vendor  D.  These 
topographs  show  that  defect  structures  such  as  grain  boundaries,  sub-grain  boundaries, 
precipitates,  and  regions  with  localized  lattice  rotations,  are  propagated  fi-om  the  substrate  to  the 
film,  providing  exact  replication  into  the  films  grown  on  these  substrates.  In  addition,  cross- 
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hatch  patterns  along  all  3  <1 10)  directions  parallel  to  the  (1 1 1)  wafer  surface  are  visible  only  in 
the  films.  Figure  4  shows  topographs  from  focal  plane  array  test  articles  from  vendor  D.  In 
addition  to  the  contrast  from  the  mmnal  device  geometry  and  processing,  one  topograph  shows 
an  area  of  subsurfiice  strain  concentration  wtuch  was  not  revei^  by  any  other  technique.  This 
subsurface  defect  could  have  compromised  pixel  performance  in  this  r^on  of  the  test  array. 


Figure  1 .  Synchrotron  white  beam  x-ray  topograph  recorded  in  Bragg  reflection  geometry  from 
an  as  grown  CdZnTe  ingot.  "T*  followed  by  an  arrow  indicates  that  the  twin  images  are  shifted 
with  respect  to  the  matrix  image  resulting  in  region  with  zero  diffracted  intensity.  The  arrow 
above  "g"  indicates  both  the  crystal  growth  direction  and  the  diffraction  vector  direction.  Note 
also  the  linear  contrast  features,  parallel  to  the  twin  boundary  in  the  upper  right  of  the  image. 


Figure  2.  SytKhrotron  white  beam  x-ray  topographs  recorded  in  Bragg  reflection  geometry  from 
aCdZnTesubstratewafergrownby  vendor  A.  iixlicates  a  sub-grain  boundary.  (a)g=642, 
reflected  from  the  A  side  of  the  wafer,  (b)  g  =  642,  reflected  from  the  B  side  of  the  wafer. 
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Figure  3.  Synchrotrm  white  beam  x-ray  topographs  recorded  in  Bragg'reflection  geometry  from 
CdZnTe  substrates  and  from  LPE  HgCdTe  films  subsequently  grown  on  the  imaged  aihctraff^ 
by  vendor  D  (g  =  422).  (a)  Substrate  \  from  vendor  A,  (b)  16  p  thick  film  grown  on  substrate 
A;  (c)  substrate  B  from  vender  B,  (d)  19  p  thick  film  grown  on  substrate  B;  (e)  substrate  C  from 
vender  C,  (f)  19  p  thick  film  grown  on  substrate  C. 
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Figure  4.  Synchrotron  white  beam  x-ray  topographs  recorded  in  Bragg*feflection  geometry  from 
focal  plane  array  test  articles  fiom  vendor  D  (g  =  3 1 1).  (a)  good  device;  (b)  problem  device. 
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DISCUSSION 


Figure  1  illustrates  the  information  that  can  be  revealed  by  imaging  the  whole  ingot  before 
processing  using  synchrotron  white  beam  x-nj/  topography.  The  relative  crystal  quality  from 
different  positions  of  the  ingot  revealed  by  this  techiuque  can  be  used  to  determine  which  part  of 
the  ingot  can  be  used  for  slicing  wafers  to  be  used  as  substrates  for  epitaxial  film  growth.  The 
linear  contrast  observed  can  be  attributed  to  slip  bands  activated  by  thermal  stress  during  the 
cooling  stage  of  the  growth  process.  These  linear  contrast  features  terminate  at  the  wavy 
contrast  of  cell  boundaries  as  expected  for  sub-grain  boundaries.  Knowledge  of  the  spatial 
distribution  of  defects  revealed  by  their  corresponding  contrast  can  contribute  further  to  the 
strategy  of  ingot  slicing,  enabling  one  to  avoid  densely  defective  regions.  As  a  result,  better 
quality  substrate  wafos  can  be  sliced,  improving  yield. 

Figure  2  (a)  and  2  (b),  respective^,  were  recorded  from  opposite  sides  of  the  same  wafer. 
The  black  line  contrast  in  Figure  2  (a)  chimges  to  white  in  Figure  2  (b).  This  reversal  of  contrast 
is  caused  by  sub-grain  boundaries  rather  than  dislocation  tangles.  The  wafer,  however,  is  of  lugh 
quality.  It  should  also  be  noted  that  the  sub-grain  boundaries  do  not  change  their  spatial 
distribution  on  progressing  through  the  thickness  of  the  substrate. 

Comparison  of  the  3  topographs  recorded  from  substrates  in  Figure  3  shows  that  each 
displays  an  unique  distribution  of  defects.  The  dominant  defects  in  the 'jr  from  vendor  A  is  a 
grain  boundary  crossing  the  whole  wafer.  This  defect  was  difficult  to  >lve  with  optical  or  IR 
microscopes  and  so  was  submitted  as  a  test  of  imaging  sensitivity.  TV  uefect  is  easily  detected 
topographically.  The  substrate  from  vendor  B  contains  a  dense  distribution  of  highly  strained 
regions.  Prior  work  on  CdTe  identified  the  origin  of  these  locally  strained  regions  to  be 
precipitates  [6].  There  is  a  high  probability  that  this  is  also  true  in  this  CdZnTe  wafer.  In  the 
topographic  image  recorded  from  the  substrate  of  vendor  C,  dislocation  cell  structures, 
dislocation  slip  bands,  and  large  lattice  rotations  are  observed. 

The  different  features  presented  on  the  topographs  recorded  from  substrate  wafers  show 
that  the  crystal  growth  processes  for  each  vendor  are  different,  resulting  in  the  generation  of 
different  defect  types  and  distributions.  TVs  observation  has  the  implication  that  by  comparison 
of  each  of  the  growth  processes,  advantages  may  be  combined  so  that  certain  types  and 
distributions  of  defects  can  be  reduced  or  even  eliminated. 

In  the  topographs  in  Figure  3  taken  from  the  epilayer  surfaces,  all  show  the  cross-hatched 
contrast  features  that  are  3  fold  symmetric.  These  features  are  wavy,  not  straight,  when 
inspected  at  high  magnification.  Further,  optical  examination  of  the  film  surfiux  shows  that  the 
features  are  not  the  result  of  surface  terracing.  However,  their  main  trends  are  along  the  <1 10) 
directions.  The  contrast  is  strong  when  the  x-ray  penetration  depth  for  the  obtained  topograph  is 
very  shallow.  This  suggest  that  interfacial  dislocations  are  not  the  source  of  the  contrast.  The 
contrast  does  not  weaken  under  extinction  conditions  for  all  3  (110)  directions  parallel  to  the 
wafer  surface  (1 1 1)  plane.  Therefore,  if  the  contrast  is  caused  by  dislocations,  the  Burgers 
vectors  of  these  dislocations  are  not  parallel  to  the  (1 1 1)  wafer  surface. 

Figure  4  shows  topographs  of  two  68x68  test  arrays  from  vendor  D.  The  linear  contrast 
features  are  revealed  as  a  frame  with  vertical  lines.  The  frame  defines  the  extent  of  the  array 
whereas  the  vertical  lines  correspond  to  the  pixel  spacing.  Topographs  recorded  after  turning  the 
array  ninety  degree  about  its  surface  normal  reveals  the  spacing  in  the  horizontal  direction.  In 
Figure  4(a)  the  contrast  is  seen  to  be  uniform  suggesting  an  absence  of  defects.  Figure  4(b) 
however  shows  a  defect  in  the  "frame"  at  the  Iowa*  left  and  in  the  pixel  area  at  the  upper  right. 
Optical  microscopy  showed  that  the  frame  defect  was  actually  a  flaw  in  the  terraced  epilayer,  but 


did  not  reveal  the  flaw  within  the  pixels.  IR  microscopy  also  &iled  to  reveal  this  defect, 
suggesting  that  the  synchrotron  white  beam  x-ray  topography  revealed  a  subsutfece  defect  wind) 
was  otherwise  unobservable. 


CONCLUSIONS 

We  have  demonstrated  that  the  unique  features  of  synchrotron  white  beam  x-ray 
topography  can  be  usefully  adapted  to  spedficaOy  characterize  IR  detector  manufiurturing 
processes.  The  techniques  developed  can  be  used  to  examine  whole  single  crystal  ingots  to 
understand  the  growth  process  and  improve  flie  yield  of  the  substrate  slicing  and  also  the  quality 
of  the  sliced  substrate  wafers.  The  technique  can  also  be  used  to  non-destructively  reveal  defect 
types  and  distributions  in  the  sifestrate  wafers,  serving  as  a  substrate  screening  or  a  process 
niKxiel  validation  tool.  It  can  also  be  used  as  a  quality  control  tool  to  examine  epitaxial  thin  films. 
Finally  h  can  be  used  to  reveal  flaws  introduced  at  the  device  processing  stages  and  reveal 
problems  in  focal  plane  array  test  articles  otherwise  imobservable. 
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ABSTRACT 


We  have  attained  extremely  smooth  etched  surfaces  on  GaAs  using  a  hydrogen  plasma 
pretreatment  before  etching.  The  resultant  morphology  exhibits  stiawth  surfaces  since  the  etching 
proceeds  uniformly  through  the  GaAs  without  mictomasking  effects  arising  from  a  nonuniform 
surface  oxide.  We  report  the  effects  of  hydrogen  plasma  treatments  before  RIE  of  GaAs  in  two 
different  reactors  using  a  SiCU  plasma.  Optimization  of  H2  plasma  pretreatments  has  produced 
improvements  in  RMS  roughness  greater  than  1  order  of  magnitude  (22.4  to  1.51  nm). 


INTRODUCTION 


Typically  at  the  start  of  reactive  ion  etching  (REE),  there  is  an  initiation  period  during  which  no 
GaAs  etching  occurs.  Only  after  penetration  of  the  native  oxides  on  the  surface  will  etching  begin. 
Moreover,  even  with  a  short  initiation  period,  micromasking  effects  due  to  nonuniform  oxide 
thickness  can  lead  to  a  toughening  of  the  etched  surface.  Therefore,  removing  the  native  oxide 
before  RIE  should  lead  to  greater  process  control  and  uniformity,  as  well  as  insuring  a  srrxxrth 
etched  surface  necessary  for  epitaxial  regtowth  or  uniform  metal  contacts. 

Hydrogen  plasmas  have  brcn  previously  shewn  to  selectively  remove  native  oxides  from 
GaAs  [1-3].  We  have  used  a  hydi^en  plasma  treatment  before  dry  etching  to  remove  the  surface 
oxides.  We  discuss  the  effects  of  a  hydrogen  plasma  pretreatment  before  etching  with  a  SiCL) 
plasma;  the  GaAs  surface  roughness  is  characterized  using  scanning  electron  microscopy  and 
atomic  force  microscopy. 


EXPERIMENTAL 


The  GaAs  wafers  used  in  this  study  ate  two  inch  diameter  semi-insulating  substrates.  The 
photoresist  etch  mask  is  approximately  1 .4  |xra  thick  AZ-5214  .with  circular  mesa  features  ranging 
in  diameter  from  4  to  32  ^m  on  250  pm  pitch.  The  samples  are  1  cm^  to  minitnize  loading 
effects.  The  etched  surface  morphology  is  quantified  using  a  Digital  Instruments  atomic  force 
microscope  (AFM)  operating  in  air  in  contact  mode.  The  data  is  reported  as  RMS  surface 
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roughness  which  represents  the  standaid  deviation  of  the  roughness  values  within  a  2S00 
area. 

RIE  etches  were  peifanned  at  Sandia  National  LalxMatories,  Albuquerque  (SNL)  and  AT&T 
Bell  Laboratories,  Murray  Hill  (AT&T)  to  evaluate  the  cffea  of  a  H2  plasma  iHctreatment  on 
GaAs  etching.  The  SNL  RIE  reactor  is  a  non-load-locked  13.56  MHz  rf-powered  parallel  plate 
Semi-Group  REE  system.  The  lower  electrode  is  30.S  cm  in  diameter  wiA  an  interelectrode 
spacing  of  approximately  3.8  cm.  Samples  were  also  etched  at  AT&T  in  a  1336  MHz  if-powercd 
parallel  plate  Oxford  PlasmaLab  RIE  system  with  a  lower  elccirode  diameter  of  16.8  cm  and 
separation  of  S.O  cm.  The  AT&T  RIE  chand>er  was  enclosed  with  a  glove  box  filled  with  dry  N2 
to  reduce  H2O  in  the  system.  In  both  reacttxs  samples  were  attached  to  a  quaru  plate,  which 
completely  covered  the  lower  electrode,  with  theniud  paste  to  ensure  good  thermal  conduction. 
Immediately  before  loading,  the  samples  were  subjected  to  a  30  sec  NH40H:DI  H2O  ( 1 :20)  rinse. 

Ntnninrily  matching  plasma  conditions  between  the  two  RIE  systems  did  not  yield  similar 
etch  results;  therefore  power  densities  were  i^timized  for  each  reactor  while  the  pressures  and 
flow  rates  were  held  constant  for  both  the  H2  and  SiCn4  plasmas.  In  the  SNL  RIE,  the  H2 
plasmas  were  run  at  335  mW/cm^  and  the  SiCU  plasma  etches  were  run  at  80  mW/ctn^.  The 
AT&T  H2  plasma  was  optimized  at  320  mW/cm^  and  the  SiCU  plasma  was  tun  at  160 
mW/cm^.  Temperature  was  maintained  at  0°C  and  50°C  in  the  SNL  reactor  and  -  16°C  and  50°C 
in  die  AT&T  reactor.  All  pretreatment  and  etch  experiments  were  run  at  20  seem  H2  flow  rate  at  a 
pressure  of  20  mTonr  and  10  seem  SiCLf  flow  rate  at  a  pressure  of  5  mTorr. 


RESULTS  AND  DISCUSSION 


A.  Etch  Rates  and  Profiles 


The  GaAs  etch  rates  for  the  SNL  reactor  are  250  nnVmin  at  O^C  and  300  nm/min  at  50°C. 

The  higher  etch  rate  at  50°C  may  be  due  to  increased  volatility  of  the  etch  i^oducts  and  improved 
H2O  removal  from  the  chamber  at  higher  temperatures.  In  the  AT&T  reactor  the  etch  rates  are 
1 10  nnVmin  at  -16°C  and  135  nm/min  at  50“C.  Comparing  the  SNL  and  AT&T  etch  rate  data 
shows  a  much  faster  etch  in  the  SNL  reactor.  This  is  surprising  since  the  SNL  reactor  is  tun  at 
one-half  the  plasma  power  density  of  the  AT&T  reactor  and  may  be  attributed  to  differences 
between  the  two  reactors. 

GaAs  features  etched  in  the  SNL  reactor  are  anisotropic  independent  of  temperature  and  of 
exposure  to  the  H2  plasma  pretieatment  (Rguie  la).  However,  GaAs  etching  in  the  AT&T 
reactor  shows  a  significant  widening  at  the  base  of  the  mesa  feature  at  50°C  and  no  H2 
pretreatment  (Figure  lb).  This  profile  may  be  due  to  reflow  of  resist  at  higher  temperature  and 
higher  incident  power  density  from  the  plasma  since  the  AT&T  plasma  power  density  is  a  factor 
of  2  greater  than  that  used  in  the  SNL  reactor.  Also,  since  the  GaAs  etch  rate  in  the  AT&T  reactor 
is  almost  a  factor  of  3  slower  than  that  in  the  SNL  reactor,  longer  exposure  times  are  necessary  to 
etch  to  similar  depths  and  may  change  the  resist  profile.  The  profile  appears  much  more 
anisotropic  with  a  H2  plasma  pretreatment  suggesting  the  H2  plasma  interacts  with  the  resist  to 
enhance  the  anisotropy  of  the  GaAs  etch  (Figure  Ic).  Low  temperature  (-Iti^C)  etching  in  the 
AT&T  reactor  is  highly  anisotropic  independent  of  the  H2  pretreatment  (Figure  Id)  presumably 
due  to  the  lack  of  resist  reflow  at  the  lower  temperature. 
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Figure  1:  SEM  micrographs  of  GaAs  ciched  in  SiC]4  plasma  (a)  in  the  SNL  reactor  at  30°C 
without  H2  plasma  exposure  (0.75  pm  deep),  (b)  in  the  AT&T  reactor  at  50®C  without  H2 
exposure  (1.7  pm  deep),  (c)  in  the  AT&T  reactor  at  S0°C  with  2  minutes  of  H2  plasma 
exposure  (1.1  pm  deep),  and  (d)  in  the  AT&T  reactor  at  -Ib^C  without  H2  exposure  (1.0  pm 
deep). 


B.  Surface  Morphology 

AFM  images  for  surfaces  etched  in  SiCl4  are  taken  and  analyzed  for  RMS  roughness.  The 
SNL  and  AT&T  RMS  data  is  shown  in  Figures  2  and  3,  respectively.  A  patterned,  unetched 
sample  has  an  RMS  roughness  value  of  0.628  nm.  In  Figure  2,  the  GaAs  samples  etched  at  SNL 
at  0°C  and  S0°C  show  a  decrease  in  RMS  roughness  as  the  H2  exposure  is  increased  to  4  minutes; 
a  slight  increase  in  RMS  roughness  occurs  as  the  exposure  time  is  increased  to  10  minutes.  At 
both  0°C  and  S0°C,  the  optimum  surface  morphology  occurs  after  4  minutes  of  H2  pietreatment. 
The  rough  etched  surface  observed  at  0°C  and  1  minute  H2  exposure  is  probably  due  to 
incomplete  removal  of  the  native  oxide,  which  causes  micromasking  effects  during  the  SiC!l4 
plasma  etch.  As  the  H2  exposure  time  is  increased,  the  oxide  is  more  uniformly  removed 
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Figure  2:  RMS  roughness  as  a  function  of  H2  plasma  exposure  time  for  samples  etched  in  the 

SNL  reactor  at  0“C  and  StfC. 

and  the  RMS  roughness  improves  from  22.4  nm  at  1  minute  H2  exposure  to  l.Sl  nm  at  4 
minutes  H2  exposure.  Without  exposure  to  the  H2  plasma  at  0°C,  GaAs  etching  does  not  occur  in 
a  80  mW/cm^  SiCl4  plasma.  However,  GaAs  etching  is  achieved  when  the  power  density  is 
increased  to  160  mW/cm^  with  an  RMS  roughness  of  1.34  nm.  This  implies  that  at  80  mW/cm^, 
the  SiCU  plasma  cannot  penetrate  the  native  oxide  and  initiate  GaAs  etching.  At  S0°C,  the  surface 
morphologies  are  relatively  smooth  regardless  of  the  H2  exposure  time;  however,  the  RMS 
roughness  improves  from  3.47  nm  without  H2  exposure  to  1 .29  nm  with  4  minutes  H2  exposure. 
We  also  note  that  the  GaAs  etches  at  SO^C  without  exposure  to  a  H2  plasma.  The  elevated 
temperatures  may  enhance  the  volatility  of  the  etch  products  as  well  as  H2O  removal  from  the 
chamber,  thereby  uniformly  removing  the  native  oxide  during  the  SiCl4  etch. 

A  similar  trend  is  observed  for  GaAs  etching  at  AT&T.  In  lugure  3,  we  observe  an 
improvement  in  the  etched  surface  morphology  with  the  addition  of  the  H2  plasma  pretreatment. 
At  both  -16°C  and  S0°C  the  optimum  surface  morphology  is  observed  after  a  2  minute  H2 
exposure.  Low  temperature  etching  yields  very  smooth  GaAs  surfaces  independent  of  the  H2 
pretreatment.  The  surface  mophology  improves  slightly  from  0.986  nm  without  H2  exposure  to 
0.907  nm  with  a  2  minute  exposure.  Comparing  the  low  temperature  etching  at  SNL  and  AT&T, 
we  find  significant  improvement  of  the  surface  morphology  in  the  AT&T  reactor  at  low  H2 
plasma  exposures.  We  believe  the  smoother  surfaces  obtained  in  the  AT&T  etches  are  due  to  the 
effect  of  the  dry  N2  glove  box  which  lowers  the  H2O  concentration  in  the  chamber  and  minimizes 
its  erfect  on  removal  of  the  native  oxide  and  GaAs  etching.  However,  the  surface  morphologies 
become  similar  as  the  H2  exposure  is  increased  to  4  minutes.  The  roughest  surface  mcnphology 
in  the  AT&T  reactor  occurs  without  H2  exposure  at  S0”C.  The  RMS  roughness  data  is  more  than 
an  order  of  magnitude  greater  than  that  for  the  low  temperature  AT&T  etch  without  H2  exposure. 
The  smoother  surface  morphology  at  low  temperature  may  be  due  to  a  lower  chemical  component 
of  the  etch  mechanism  at  -16°C.  Comparing  the  high  temperature  etching  at  SNL  and  AT&T,  we 
see  the  AT&T  RMS  roughness  is  three  times  greater  than  the  SNL  roughness  without  H2 
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Figure  3:  RMS  roughness  as  a  function  of  H2  plasma  exposure  time  for  samples  etched  in  the 

AT&T  reactor  at  -16®C  and  50°C. 

exposure.  Since  the  effect  of  the  glove  box  is  minimized  at  high  temperatures  due  to  lower  H2O 
concentrations  in  the  chamber,  the  higher  power  densiQr  in  the  AT&T  etch  may  cause  the  rougher 
surfaces.  Under  all  etch  conditions  studied,  the  surface  morphology  seen  in  the  two  reactws  tends 
to  converge  as  the  H2  exposure  is  increased. 

Several  trends  can  be  deduced  from  this  study.  First,  transferring  processes  from  one  reactor 
to  another  is  difficult.  We  have  observed  significant  variations  in  the  etch  characteristics  using 
"identical"  processes  in  the  two  reactors.  Many  of  these  variations  can  be  attributed  to  the  fact  that 
the  AT&T  reactor  incorporates  a  dry  N2  glove  box  which  minimizes  the  H2O  concentration  in  the 
chamber  and  permits  more  uniform  removal  of  the  native  oxide  and  smooth  GaAs  etching. 
Additionally,  differences  in  interelectrode  spacing  may  effect  the  ion  bombardment  energies  in  the 
plasma  and  cause  differences  in  etch  characteristics.  Etch  variations  may  also  be  due  to  differences 
in  thermal  contact  of  the  samples  to  the  lower  electrode.  Second,  under  all  conditions  studied  we 
have  observed  an  improvement  in  the  GaAs  etched  surface  morphology  with  the  addition  of  a  H2 
plasma  pretreatment  The  surface  morphologies  are  similar  independent  of  reactor  or  temperature 
as  the  H2  exposure  dme  is  qrtimized  (2  to  4  minutes  in  this  study).  We  believe  that  the  slight 
increase  in  surface  roughness  with  increasing  H2  exposure  is  due  to  an  interaction  between  the  H2 
and  the  photomask  lea^ng  to  micromasking  effects.  Also,  changing  the  power  density  of  the  H2 
plasma  from  335  to  165  mW/cm^  has  virtually  no  effect  on  the  surface  morphology  of  the  GaAs 
etched  surfaces  suggesting  a  robust  process  window  for  the  H2  pretreatmenL 


CONCLUSIONS 


H2  pretreatment  for  2  to  4  minutes  yields  a  smoother  etch  morphology  and  reproducible  etch 
characteristics  for  SiCl4  etching  of  GaAs  in  two  different  RIE  reactors.  Attempts  to  transfer 
processes  between  the  two  different  chambers  was  not  straightforward.  However,  a  H2  plasma 


]»elreatinent  results  in  improved  surface  morphology,  as  quantified  with  AFM,  in  both  reactcxs. 
The  H2  plasma  selectively  removes  the  native  oxide  on  GaAs  befcue  RIE,  resulting  in  an  etch 
morphology  which  exhibits  significandy  less  surface  roughness  since  the  etching  can  proceed 
uniformly  through  the  GaAs. 
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ABSTRACT 

This  work  introduces  a  new  dry  etching  simulation  technique  of  the  sputtering  component  of 
Reactive  Ion  Etching  (R  LE.)  and  presents  experimental  verifications  for  GaAs.  The  final  objective 
is  to  correlate  the  etch  rate  to  the  plasma  reactor  parameters,  which  can  be  incorporated  into  a 
computer-simulation  program 


I.  INTRODUCTION. 

The  actual  simulators  use  the  geometrical  model  of  the  etching  when  it  define  the  etch  rate, 
etch  time,  anisotropic  yield  to  obtain  the  etch  profil  [I],  But  there  is  important  need  to  have  the 
fiinctional  dependence  between  the  etch  rate  and  the  physical  conditions  of  R.I.E. 

The  etch  rate  of  R.I  E.  is  frequently  present^  as  the  sum  of  physical  and  chemical 
components  [2].  Our  work  is  based  on  the  same  supposition. 

The  aim  of  our  research  is  to  establish  the  relation  between  the  etching  rate  and  the  physical 
parameters  which  characterize  the  experimental  conditions  of  R.I.E 


II.  EXPERIMENT. 

The  measurements  were  carried  out  on  the  reactor  I. B  E  VEEC03  Microetch  System  and 
on  the  reactor  R.I.E.  NEl  lOA  of  NEXTRAL  (where  the  plasma  is  generated  by  application  of  RF 
power  at  13.56  MHz). 


lU.  RESULTS  AND  DISCUSSION. 

First,  we  have  tried  to  formalise  the  physical  component  of  the  R.I.E.  which  represents  the 
sputter  etching  component. 

The  etch  rate  R(0)  could  be  found  directly  from  the  sputtering  yield  S(0)  [3]: 


,  ,  „  J  S(0) 

R,(0)  =  9.6  10“ - ^  COS0 

n 


(1) 


where  n  is  the  atomic  density  uf  target  material  (atom/cm^),  J  is  the  current  density  of  the  ionic 
incident  flux  ( raA  /  cm* ),  0  is  the  angle  of  incidence  (0  =  0°  at  normal  incidencej.The  etch  rate  is 

o 

given  in  A/mn  always  in  this  work. 

The  sputtering  yield  dependence  on  the  angle  of  incidence  is  given  by 


S(0)  = 


3  a 

JC* 


111)  •  in, 

(m,  +  m. 


(2) 


according  to  the  sputtering  theory  of  Sigmund  [4].  Here,  a  is  a  factor  depending  on  the  mass  ratio 
m.  /m,,  U,  surface  binding  energy,  m,  mass  of  ion,  m,  mass  of  target  atom,  E  energy  of  the 
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incident  particle  (ion  kinetic  energy),  f  factor  depending  on  the  mass  ratio;  f  =  —  for 

10  ' <  in*.  <3  and  f  =  l  for  ^<=10  [4] 
m,  m, 


UI.l.  Ion  Beam  Etching  (I.B.E.). 

Considering  the  apparent  analogy  between  the  physical  component  of  RLE.  and  the  I. BE 
we  have  started  by  establishing  a  theoretical  approach  using  I. B  E. 

The  etch  rate  of  GaAs  for  different  angles  of  incidence  have  been  measured  after  l.B.E 
using  incident  argon  ions  of  500  eV,and  current  density  of  0.5  mA  /  cm* . 


Fig.  I .  Etch  rate  of  GaAs  as  a  function  of  the  ion  beam  incidence  angle  0 

a)  Experimental  cur.'e 

b)  Theoretical  curve  (sputerring  yield  according  to  Sigmund). 

c)  Theoretical  curve  (sputerring  yield  according  to  String  model) 


As  shown  in  Fig.  1  a  the  sputtering  yield  increases  with  0.  This  increase  is  related  to  the 
longer  path  of  the  bombarding  ions,  which  permits  to  more  excited  atoms  to  escape  from  the 
surface  For  0  greater  than  a  critical  angle  0^  (0^.  =  35*)  the  sputtering  yield  decreases  as  0 
increases  because  ion  reflection  increases. 

The  sputtering  yield  for  the  l.B.E.  of  GaAs  by  the  bombarding  argon  ions  of  500  eV  and 
the  current  density  of  0.5  mA  / cm*  according  to  (2)  is  given  by: 

S(0)=O.8(cos0r'"  (3) 


where  a  is  equal  to  0.25  according  to  [4],  m,  =  40a. m.u.,  m,  =  70a. m.u.  and  U,,  =  10  eV  [5] 
So  S  =  0.8  for  the  normal  incidence. 

The  etch  rate  in  general  case  according  to  (I)  is: 


R(0)  =  2.9  10*’ 


m,  +m. 


(4) 
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Where  R(e)  =  91l(cos6r*‘’  (5) 

in  the  case  of  the  GaAs  milling  by  the  argon  ions. 

The  curve  corresponding  to  eq.(S)  for  the  angles  of  incidence  6  ^  6^  is  shown  in  Fig.  1  b. 
The  "String  Model"  included  in  the  simulator  SAMPLE  [6]  gives  for  the  sputtering  yield  the 
following  formula: 

S(0)  =  —  •  S,  (a  •  COS0  +  B •  cos'e  +  C- cos"  e)  (6) 

n 

where  S,,  A.  B  and  C  characterize  the  sputtering  yield  of  the  material  to  be  etched,  n  is  the  atomic 
layer  density  and  4>  ion  flux. 

The  expression  (6)  permits  to  determine  the  etch  rate  (1): 

R(0)  =  6  10""  ~  S.  ( A  cos^  e  +  B  cos^  0  +  C  cos*  g)  (7) 

n 

For  the  case  of  GaAs  argon  milling  ( J  =  0.5  mA  /cm*,  E  =  500  eV)  we  have 

R(0)  =  8  •  10-"  ■  S.  ( A  •  cos"  0  +  B  cos*  0  +  C  cos*  g)  (8) 

The  experimental  curve  (Fig  1  a)  permits  to  evaluate  S,  at  about  10" 

The  expression  (8)  gives  the  curve  shown  in  Fig.  1  .c  We  have  used  the  values  given  by  the 
etch  simulateur  SILVACO  [7]:  A  =  6.7702,  B  =  -6.1548  and  C  =  0.3846 

The  advantage  of  the  formula  (6)  for  the  sputtering  yield  is  the  possibility  to  have  the 
approach  of  etch  rate  in  the  case  of  I.B.E.  for  all  the  angles  of  incidence  of  ion  beam 


III.2.  Reactive  Ion  Etching. 

The  next  step  is  the  modeling  of  the  physical  component  of  the  R.I  .E. 

To  take  into  account  only  the  physical  component  the  R.I.E.  of  GaAs  has  been  performed 
in  SF^  plasma. 

The  etch  rate  for  the  normal  incidence  of  the  ion  beam  on  the  surface  of  the  wafer  according 
to  (1)  is; 

R  =  9.6  10*"  —  (9) 

n 

(where  the  values  of  the  parameters  are  in  unity  of  SI.),  it  is  the  case  of  the  physical  component  of 
the  R.I.E.  where  the  ions  are  accelerated  in  the  cathodic  plasma  sheath  in  the  perpendicular 
direction  to  the  surface. 

The  current  density  of  the  ions  emitted  from  the  plasma  to  the  sheath  could  be  determined 
from  the  formula  of  Child  -  Langmuir  [8]: 


where  V  is  the  voltage  across  sheath  V  =  (self-bias  voltage) 

The  plasma  sheath  thickness  5  could  be  found  from  the  empirical  expression  [9]: 


(10) 


8  =  K, 


P  * 


(11) 
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where  K,  is  a  constant  whose  value  is  dependent  on  the  type  of  the  plasma. 

For  the  SF^  plasma,  the  SF/  and  po«tive  ions  represent  about  90*/*  of  the  total  ion 
current  [10],  so  K,  value  for  a  mean  mass  of  SF^  and  SI^  ions  (m,  ==  108  - 1.66- 10 kg)  is: 

^  I 

K,  »0.04cm-ToiT*  =  4.6- 10'^  m- Pa*  according  to  [9], 

For  exemple,  the  sheath  thickness  for  60mTorr  is;  6  =  0.16cin. 

It  is  possible  to  find  the  self-bias  voltage  from  the  following  empirical  formula  [11]: 

V*=Ce'^  (12) 

where  P  is  the  pressure  of  the  gas,  W  RF  power,  C  and  a  constants 

This  formula  has  been  verified  with  our  curves  (the  error  does  not  exceed  4%)  for  the  self- 
bias  voltage  as  a  function  of  the  pressure  (Fig.2); 


Fig.2  The  self-bias  voltage  as  a  function  of  the  pressure  in  the  reactor  for 
the  different  RF  powers. 


From  these  curves  we  can  determine  C  and  a.  For  SOW  power  we  found  a  =  -  3.6  and  C=  213. 
The  expressions  (10),  (11),  (12)  permit  to  determine  the  ion  current  density  in  the  case  of  the 
R.I.E.  in  SF,  plasma  at  60mTorr  (8  Pa)  pressure  and  the  SOW  RF  power;  J  =  0.27  mA  /cm^. 

The  positif  ions  bombarding  the  wafer  surface  collect  their  energy  in  the  cathodic  sheath 
electric  field. 

E  =  e-V-e-V*  (13) 


The  sputtering  yield  for  the  normal  incidence  of  the  ion  beam  in  the  case  of  the  GaAs  R.I.E. 
in  SF«  plasma  according  to  (2)  is:  S  <=  O.I7atoin/ion  with  a  >=  0.2  [4],  m,  =  70- 1.66-  10‘”kg, 
U,  =  10- 1.6-  lO  ”  J ,  W  =  so  W  and  P  =  8  Pa. 

The  expressions  (1),  (2),  (10),  (II),  (12)  and  (13)  lead  to'lhe  general  formula  for  the 
sputtering  component  of  R.I.E.  rate  as  function  of  the  physical  parameters  (in  S.l.  system)  which 
characterize  the  etch  conditions 


R. 


K,  U.  D  (m,-i-m,)^ 


(14) 
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(15) 


The  etch  rate  as  a  function  of  the  pressure  for  R  LE.  of  the  GaAs  in  SF^  plasma  at 
W  =  SOW  is  then: 

R,  =  52  P  e  **"’ 

We  have: 

R,  =7Pe-*“*'’  (16) 

if  pressure  is  expressed  in  mT. 

The  expression  (16)  gives  the  curve  shown  in  Fig.3.b: 


o 


Fig.  3.  Etch  rate  of  the  GaAs  in  SF^  plasma  at  SOW  power  and  lOsccm  flow  rate. 

a)  Experimental  curve. 

b)  Theoretical  curve  (sputtering  yield  according  to  Sigmund). 

c)  Theoretical  curve  (sputtering  yield  according  to  String  model). 


At  a  given  power  input,  when  the  pressure  decreases,  the  ionisation  yield  decreases  so  the 
impedance  of  plasma  increases.  Thus  the  applied  potentiel  raises  and  the  self-bias  voltage  increases 
(Fig.2).  But  the  self-bias  voltage  accelerates  the  ions  in  plasma  sheath  so  etch  rate  raises. 

The  sputtering  yield  for  the  normal  incidence  of  the  ion  beam  according  to  eq.(6)  is: 

S  =  10’-i-S„  (17) 

C'll 

The  expressions  (9),  (10),  (11),  (12)  and  (17)  give  the  general  formula  for  the  physical 
component  of  RLE.  rate: 


R. 


3  10” 


P^  e  * 
n'-Kjm, 


(18) 


In  the  case  of  the  etching  of  GaAs  in  SF<  plasma  at  SOW  power  the  etch  rate  is: 

R,  =0.3P’e-’"'’  (19) 

where  the  pressure  is  expressed  in  mT. 

The  expression  (19)  gives  the  curve  shown  in  Fig.3.c.  The  etch  rate  decreases  when  the  pressure 
decreases  from  the  certain  threshold  for  the  theoretical  curves  The  same  drop  has  been  observed 
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experimentally  for  a  pressures  below  10  mTorr  [12]  which  may  be  due  to  a  reduction  in  etchant 
concentration.  We  did  not  observe  this  drop  b^ause  of  the  instable  plasma  below  20  mTorr 
(Fig.  3. a.).  The  difference  between  the  theoretical  and  experimental  curves  is  cetainly  due  to 
effects  not  taken  into  account  in  our  approach  (for  example,  flow  rate,  temperature,  distance 
between  the  electrodes,  etching  surface  etc.). 


IV.  CONCLUSIONS. 

The  theoretical  approach  of  the  physical  component  of  the  Reactive  Ion  Etching  could  help 
us  to  evaluate  the  etch  rate  as  a  function  of  the  gas  pressure,  discharge  power,  plasma  ion  mass, 
material  atom  mass  (their  concentration  and  surface  binding  energy)  and  of  the  mass  ratio 
m.  /m,.  We  hope  to  obtain  the  expression  for  the  chemical  etch  rate  also  despite  complexity  of 
the  chemical  reactions  at  the  time  of  the  etching  and,  consequently,  to  find  the  complete 
theoretical  approach  of  the  Reactive  Ion  Etching. 
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ABSTRACT 

Reactive  ion  etching  of  GaN  grown  by  electron-cyclotron- resonance,  mi¬ 
crowave  plasma-assisted  molecular  beam  epitaxy  on  (0001)  sapphire  sub¬ 
strates  was  investigated.  A  variety  of  reactive  and  inert  gases  such  as  CCI2F2, 
SFa,  CF^,  H2/CH4  mixtures,  CFsBr,  CFsBr/Argon  mixtures  and  Ar  were 
investigated.  From  these  studies  we  conclude  that  of  the  halogen  radicals 
investigated.  Cl  and  Br  etch  GaN  more  effectively  than  F.  The  etching  rate 
was  found  to  increase  with  decreasing  pressure  at  a  constant  cathode  voltage, 
a  result  attributed  to  larger  mean  free  path  of  the  reactive  species. 

INTRODUCTION 

The  family  of  refractory  nitrides  (InN,  GaN,  AIN),  their  solid  solutions 
and  heterojunctions  are  one  of  the  most  promising  families  of  electronic  ma¬ 
terials.  All  three  binary  compounds  are  direct  biindgap  semiconductors  with 
energy  gaps  covering  the  region  from  1.95eV  (InN)  and  3.4eV  (GaN)  to 
6.28eV  (AIN).  These  materials  should  find  applications  in  optical  devices 
(LED’s  lasers,  detectors)  operating  in  the  green-blue-UV  petrts  of  the  elec¬ 
tromagnetic  spectrum.  Due  to  their  unique  physiced  properties,  the  materials 
are  also  expected  to  find  applications  in  high  temperature,  high  power,  and 
high  frequency  electronic  devices.  However,  the  fabrication  of  such  devices 
requires  the  development  of  a  number  of  device  processing  techniques,  in¬ 
cluding  reactive  ion  etching. 

There  are  limited  reports  in  the  literature  regarding  etching  of  GaN  [1-4]. 
Pankove  [1]  reported  that  GaN  dissolves  in  hot  alkali  solutions  at  very  slow 
rates,  and  thus,  wet  etching  is  not  practical  for  this  strongly  bonded  material. 
Foresi  [2]  reported  the  reactive  ion  etching  of  GaN  grown  on  the  R-plane  of 
sapphire  using  CCI2F2,  and  Adesida  [3]  reported  the  etching  of  GaN  using 
SiCL.  Pearton  [4]  investigated  ECR  microwave  discharges  for  the  etching  of 
GaN,  InN  and  AIN. 

In  this  paper  we  report  on  reactive  ion  etching  studies  of  GaN  grown  on 
(0001)  sapphire  substrates  using  a  variety  of  reactive  and  inert  gases.  The 
effect  of  pl^lsma  parameters  on  etch  rate,  morphology  and  selectivity  were 
investigated. 
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EXPERIMENTAL  METHODS 


The  GaN  films  were  grown  onto  (0001)  sapphire  substrates  by  the  method 
of  electron-cyclotron-resonance  microwave  plasma-assisted  molecular  beam 
epitaxy  (ECH.-MBE)  using  a  two  temperature  step  growth  process  [5,6].  In 
this  method  a  GaN  buffer  is  grown  first  at  low  temperature  (500°C)  and  the 
rest  of  the  film  is  grown  at  higher  temperatures.  This  process  was  shown 
[5,6]  to  lead  to  high  lateral  growth  rate  resulting  in  a  layer  by  layer  growth. 
The  films  have  the  wurtzite  structure  with  the  c-iocis  perpendicular  to  the 
substrate.  Although  the  films  were  not  intentionally  doped  they  were  found 
to  be  n-type  with  carrier  concentrations  in  the  order  of  10‘*cm~^,  due  pre¬ 
sumably  to  nitrogen  vacancies. 

The  ion  etching  of  the  GaN  films  was  carried  out  in  a  parallel  plate  reactor 
supplied  with  13.5  MHz  RF  power.  Various  patterns  were  formed  on  the  top 
of  the  GaN  films  with  AZ  1350  J  photoresist.  Various  reactive  and  inert 
gases  were  employed.  The  depth  of  the  profile  of  the  etches  was  determined 
by  a  profilometer  or  by  directly  measuring  the  thickness  by  a  cross-sectional 
SEM  image.  The  quality  of  the  etch  morphology  was  also  assessed  by  SEM 
imaging. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

First  the  etching  rate  from  different  reactive  and  inert  gases  was  investi¬ 
gated.  To  compare  the  results  the  etching  was  carried  out  at  the  same  gas 
pressure  (1  ImT)  and  the  same  cathode  voltage  (600V).  The  results  are  listed 
in  Table  I. 

Table  I.  Etching  rates  of  GaN  (llmT  and  600V  cathode  voltage.) 


Gas 

Etching  Rate  (A/min) 

185 

CFjBr 

150 

CFsBr/Ar  (3:1) 

200 

CF4 

120 

SFe 

100 

H,/CH4  (2:1) 

30 

Ar 

65 

From  these  results  it  is  apparent  that  F  is  a  less  efficient  etchant  of  GaN 
than  the  other  halogen  radicals  Cl  and  Br.  Etching  by  hydrogen  radicals 
and  physical  sputtering  are  even  less  efficient  processes.  Nevertheless,  the 
mixture  of  a  certain  percentage  of  Ar  in  CFsBr  improves  the  etching  rate  of 
the  reactive  gas. 

The  effect  of  gas  pressure  on  the  etching  rate  of  GaN  was  investigated  by 
using  CFsBr/Ar  (3:1)  and  a  constant  cathode  voltage  of  600V.  The  results 
are  shown  in  Figure  1 . 
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Fig.  1  Etch  rate  of  GaN  vs.  the  pressure  of  CFsBr/Ar  (3:1)  at  a  constant  cathode 
bias  of  600V. 

The  higher  etching  rate  at  lower  pressures  suggests  that  the  limiting  step  in 
the  etching  process  is  the  mean  free  path  of  the  halogen  radicals.  A  typical 
etching  profile  obtained  at  llmT  of  CFsBr/Ar  (3:1)  and  600V  of  cathode 
voltage  is  shown  in  Figure  2. 


Fig.  2  A  typical  etch  profile  of  GaN  using  CFsBr/Ar  (3:1)  made  under  conditions 
described  in  the  text. 

We  observed  that  the  pyramidal  features  in  the  etching  pattern  are  not 
present  when  etching  was  carried  out  at  5mT.  By  measuring  the  thickness  of 
the  photoresist  prior  to  and  after  etching  the  selectivity  at  5mT  was  found 
to  be  greater  than  3:1  GaN  to  photoresist. 
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CONCLUSIONS 


We  report  on  reactive  ion  etching  of  GaN  grown  onto  (0001)  sapphire. 
Various  reactive  and  inert  gases  were  employed  from  which  it  was  found 
that  Cl  and  Br  etch  GaN  more  effectively  than  F.  The  effects  of  plasma 
parameters  on  etch  rate  and  surface  morphology  were  investigated  using  a 
CFsBr/Ar  mixture  in  a  3:1  ratio.  Etch  rate  and  surface  morphology  were 
found  to  improve  at  lower  plasma  pressure,  resulting  in  an  etch  rate  in  excess 
of  400  A/min  at  4.2  mT. 
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ABSTRACT 

The  effects  of  SF,  and  NFj  gas  plasma  treatments,  and  succesive  rapid  thermal  anneal 
(RTA)  treatment  for  the  recovery  of  modified  silicon  surface  due  to  CHFj/CjF,  plasma  have 
been  investigated  using  X-ray  photoelectron  spectroscopy  (XPS)  and  secondary  ion  mass 
spectrometry  (SIMS). 

XPS  analyses  have  revealed  that  NF,  and  SF^  plasma  treatments  are  effective  for  the  re¬ 
moval  of  residue  layer.  SIMS  results  show  that  penetrated  impurities  in  the  contaminated  sili¬ 
con  substrate  reduce  through  the  additional  RTA  treatment.  The  effects  of  NF, ,  SF^  plasmas, 
and  additional  RTA  treatments  for  the  recovery  of  reactive  ion  etched  silicon  surface  has 
been  also  studied  by  measuring  the  electrical  performance  of  the  silicon  devices. 

INTRODUCTION 

Reactive  ion  etching  (RIE)  of  silicon  dioxide  on  silicon  using  fluorocarbon  plasma  is  wide¬ 
ly  applied  to  the  production  of  very  large  scale  integrated(VLSI)  devices.  But  RIE  is  known  to 
induce  the  chemical  and  physical  modifications  on  the  exposed  materials.  The  modifications 
include  structural  damage  such  as  displaced  substrate  atoms,  penetration  of  plasma  constitu¬ 
ents,  and  deposition  of  involatile  materials.  These  modifications  are  inevitable  in  RIE  and 
the  modified  surface  will  degrade  the  performance  of  devices  fabricated  on  that  surface[l-3]. 
Surface  modifications  have  increasingly  critical  issues  in  the  semiconductor  industry,  as  the 
critical  feature  size  of  integrated  circuit  shrinks  down  under  submicron  values.  Therefore,  the 
effects  of  various  fluorocarbon  plasmas  on  the  silicon  surface  and  the  removal  of  undesirable 
side  effects  have  been  studied  in  recent  years[4,S].  In  this  study,  recovery  of  contaminated 
silicon  surface  has  been  examined  using  SF^  and  NF,  plasmas,  and  ex-situ  RTA  treatments. 
And  electrical  properties  such  as  p*-  metal  contact  resistance  and  PtSi/n-type  Schottky  barri¬ 
er  height  have  been  given. 

EXPERIMENTAL 

The  substrate  used  in  this  study  was  B-doped,  Si(lOO)  wafers  of  0.8S-1.1S  ohm-cm  in  re¬ 
sistivity.  The  typical  RIE  process  and  the  preparation  of  the  samples  used  in  this  study  was 
described  elsewhere[6].  NF,  and  SF^  plasma  treatments  were  carried  out  after  RIE  us¬ 
ing  Applied  Materials  Precision  5000  system.  These  plasma  treatments  were  carried  out 
with  the  conditions  of  10  mTorr,  SO  watts,  and  20  seem  for  10  seconds.  After  the  plasma 
treatments,  the  samples  were  successively  immersed  in  HjSO^/HjO,  (4/1)  and  in 
1/100  HF  as  an  additional  wet  cleaning.  RTA  treatments  were  carried  out  to  analyze  the  ef¬ 
fect  of  RTA  treatment  on  the  reactive  ion  etched  silicon.  The  process  condition  was  700  °C,  1 
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minute  with  nitrogen  atmosphere .  The  XPS  analyses  were  performed  with  a  V.G. 
Scientific  ESCALAB  200R  spectrometer  using  Mg  ka(12S3.6  eV)  operating  at  250  W 
radiation.  Narrow  scan  spectra  of  all  regions  of  interest  were  recorded  with  20  eV 
pass  energy.  The  SIMS  results  were  obtained  using  oxygen  ion  as  sputterinp  sources.  For 
revolution  of  the  electrical  properties  through  post  etch  treatments,  Kelvin  test  pattern  was 
prepared.  Contact  resistances  of  p*-metal  were  measured  at  the  current  of  2  mA.  PtSi/n-type 
Si  Schottky  barrier  diodes  were  also  made  to  measure  the  change  of  barrier  height  after  vari¬ 
ous  post  etch  treatment.  The  silicon  wafers  having  3-6  ohm-cm  in  resistivity  were  used  to 
make  Schottky  diodes.  After  the  Pt  deposition  on  the  silicon,  the  sample  was  sintered  at 
ambient  for  platinum  silicide  formation.  The  sintering  was  carried  out  at  460  °C  for  30  minute. 


RESULTS  AND  DISCUSSION 


CHFj/CjF,;  plasma  exposure  during  RIE  process  introduces  silicon  surface  modification 
such  as  several  nm  thick  residue  layer  of  fluorocarbon  polymer  on  the  silicon  and  contam¬ 
inated  silicon  layer  with  carbon  and  f1uorine[6].  Figure  1  represents  the  change  of  atomic  per¬ 
cent  after  various  post  etch  treatments.  This  figure  shows  that  relative  C  and  F  atomic 
percents  of  residue  layer  decrease  with  SF^  or  NF,  plasma  exposure  and  successive  wet  clean 
while  Si  atomic  percent  dramatically  increases.  The  increase  of  Si  atomic  percent  means  that 
the  thickness  of  residue  layer  decreases.  After  RTA  and  wet  clean,  the  fluorine  decreased  to 
the  detectable  amount  by  XPS  even  though  the  carbon  remains  almost  same.  The  decrease  of 
fluorine  after  the  RTA  and  wet  clean  seems  to  be  from  the  evaporation  of  fluorine  due  to  the 
thermal  decomposition  of  fluorocarbon  during  the  RTA  treatment.  The  changes  of  C  Is 
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Fig.  1  The  change  of  atomic  percent 
on  the  RIEd  silicon  surface 
after  various  post  etch  treatments 


Fig.  2  The  changes  of  C  Is  spectra 
after  post  etch  treatments 
using  SF6  plasma 
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spectra  after  RIE,  SF^  plasma/wet  clean,  and  SF^  plasma/RTA/wet  clean  are  shown  in  figure  2, 
respectively.  From  the  figure,  the  decrease  of  C-CFx(x<3)  and  C-Fy(y=l,  2,  3)  bonds  along 
with  the  increase  of  C-C/H  bond  can  be  seen  after  the  SF^  plasma/wet  clean  treatment. 
C-CFx(x<3)  and  C-Fy(y=l,  2,  3)  bonds  are  easily  removed  with  the  SF,  plasma  treatment 
even  though  small  amount  of  them  still  remain  on  the  surface.  But  the  amount  of  C-C/H  bond 
increases  alter  SF^  plasma  exposure.  This  means  that  through  the  decomposition  of  fluorocar¬ 
bon  residue  layer,  carbon  remains  on  the  silicon  surface  and  fluorine  evaporates.  With  the 
successive  RTA  and  wet  cleaning  treatments,  as  shown  in  figure  2,  the  remaining  C-CFx  and 
C-Fy  bonds  after  SF^  plasma  treatment  decrease  further  down  to  negligible  amount.  Also,  no 
F  Is  peak  was  found  after  RTA  and  wet  clean.  Therefore,  SFj  plasma  treatment  followed  by 
RTA  treatment  is  an  effective  method  to  remove  the  residue  layer  on  reactive  ion  etched  sili¬ 
con.  Figure  3  shows  the  photoelectron  spectra  of  C  Is  obtained  after  NF,  plasma  treatment.  As 
a  comparison,  the  C  Is  peaks  after  reactive  ion  etching  and  the  SF^  plasma  treatment  are 
shown  together.  As  shown  in  the  figure,  no  C-CFx  and  C-Fy  bonds  exist  with  NF,  treated 
sample  while  small  amount  of  C-CFx  and  C-Fy  bonds  still  remains  on  the  silicon  surface  with 
SFj  plasma  treated  sample.  This  indicates  that  the  NFj  plasma  treatment  can  be  more  effective 
thaui  SF,  plasma  treatment  for  the  removal  of  residue  layer.  Figure  4  represents  photoelectron 
spectra  of  F  Is  peaks  obtained  after  RIE,  NFj/wet  clean  treatment,  and  NFj/RT A/wet  cleaning 
treatment,  respectively.  After  NFj  treatment,  all  of  the  constituents  for  the  fluorine  bonds  such 
as  F-Si,  F-0,  and  F-C  are  reduced  while  relative  contributions  of  F-Si  and  F-0  bonds  to  fluo¬ 
rine  peak  increase.  Also  FWHM(full  width  half  maximum)  of  F-C  bond  increases.  This  means 
that  F-C  bonds  are  loosened  through  the  above  treatemnts.  These  loose  F-C  bonds  are  ap¬ 
peared  to  be  easily  removed  by  the  successive  RTA  and  wet  cleaning  treatments  as  shown  in 
figure  2.  With  SF^  plasma  treated  sample,  F-C  and  F-0  bonds  are  mainly  detected,  and  the  in¬ 
crease  of  FWHM  for  F-C  bond  is  also  observed.  These  bonds  can  be  also  easily  removed  by 
successive  RTA  treatment  at  700  °C.  Figure  5  shows  that  the  fluorine  depth  profiles  using 
SIMS  for  RTA  treated  samples  at  700  °C  after  SFj  and  NF,  plasma  exposure.  Compared  to  the 
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Fig.  4  The  changes  of  F  Is  spectra 
after  post  etch  treatments 
using  NF3  plasma 
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reactive  ion  etched  sample,  fluorine  secondary  ion  counts  afler  SF^  or  NF,  plasmas/wet  clean 
decrease.  These  seem  to  be  due  to  etching  of  contaminated  silicon.  With  additional  RTA/wet 
clean  after  SF,  or  NF,  plasma  exposure,  fluorine  also  decreases.  It  can  be  explained  by  the 
out-diffusion  of  fluorine.  And  carbon  also  shows  the  same  phenomenon.  From  this  it  can  be 
said  that  low  temperature  RTA  treatments  for  removal  of  impurities  in  silicon  is  possible. 
Figure  6  represents  the  reverse  leakage  current  densities(A/cm’X<t)  and  barrier  heights(eVXb) 
of  PtSi/n-type  Si  Schottky  barrier  diodes.  The  barrier  height  was  calculated  from  the  reverse 
leakage  current  by  assuming  the  thermionic  emission  model  for  current  transport[7].  This  fig¬ 
ure  shows  that  the  reverse  leakage  current  is  decreased  and  the  barrier  height  is  increased  with 
post  etch  treatments.  Barrier  height  of  R!Ed  sample  is  lower  than  that  of  control  sample,  that 
is,  0.84  eV.  The  difference  of  barrier  heights  between  RIEd  and  control  samples  is  about  0.15 
eV.  The  decrease  of  barrier  height  indicates  the  increase  of  surface  energy  state  generated  by 
disruption  of  crystal  lattice  at  the  interface  between  PtSi  and  n-type  silicon[8].  The  etch  rates 
of  n*  polysilicon  with  SF^  and  NF,  plasma  exposure  are  103  nm/minute  and  120  nm/minute, 
respectively.  These  indicate  that  during  the  plasma  treatments  silicon  was  etched  less  than 
about  13  run  .  Therefore  the  increase  of  bander  height  and  the  decrease  of  reverse  leakage 
current  with  the  SF,  or  NF,  plasma  exposure  may  be  induced  from  the  removal  of  the  contam¬ 
inated  silicon  layer.  But,  the  barrier  heights  after  NF,  or  SF,  plasma/wct  treatments  were  0.718 
-  0.727  eV.  This  means  thatthe  contaminated  silicon  layer  is  still  remained.  And  the  barrier 
heights  of  silicon  with  successive  RTA/wet  treated  samples  increase  to  0.761  -  0.771  eV.  This 
may  be  due  to  the  recovery  of  modified  Si  surface  after  successive  RTA  treatment.  As  a  re¬ 
sult,  RTA  treatment  is  effective  to  recovery  of  modified  silicon  surface.  Figure  7  shows  the 
contact  resistance(Rc)  measured  on  the  Kelvin  pattern  after  various  post  etch  treatments.  It 
is  found  that  the  Rc  changes  with  post  etch  treatments,  such  as  SF^  plasma/wet  clean  and  SF^ 
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Fig.  5  Fluorine  depth  profile  changes  pjg  g  changes  of  contact  resistance 
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Fig.  7  The  changes  of  barrier  height  Fig.  8  The  changes  of  leakage  current 

after  various  post  etch  treatments  after  various  post  etch  treatments 

plasma/RTA/wet  clean.  These  electrical  characteristics  were  measured  for  contact  having  a 
hole  size  of  1 .2  x  1 .2  um^  Prior  to  this  work,  the  thickness  and  composition  change  of  residue 
layer  with  the  size  of  open  area  were  checked  with  a  scanning  Auger  microscopy.  ITie  thick¬ 
ness  and  composition  change  of  residue  layer  were  not  detected  even  though  contact  hole  size 
was  reduced  to  1  x  1  um^  in  size  from  100  x  100  um  l.cse  results  mean  that  the  appearence 
of  residue  layer  in  the  1.2  x  1.2  um^  contact  hole  seem  to  be  similar  to  that  extracted  from 
ESCA  analyses  for  the  residue  layer  in  wide  area.  Rc  of  the  samples  with  NFj  or  SFj  plasma 
treatment  followed  by  wet  cleaning  is  abruptly  decreased  compared  to  that  of  photoresist 
stripped  sample  using  wet  process.  These  decreases  of  Rc  can  be  explained  by  the  effective 
removal  of  residue  layer  on  the  silicon  with  SF^  or  NF,  plasma  exposure.  Average  Rc  of  SF^ 
plasma  treated  sample  is  a  little  lower  than  that  of  NF,  plasma  exposed  sample.  Meanwhile  it 
was  found  that  the  distribution  of  Rc  in  the  NF,  treated  sample  was  wider  than  that  of  SFj 
plasma  treated  sample.  Rc  decreases  with  RTA/wet  clean  treatment  after  NF,  or  SFj  plasma 
exposure.  Rc  of  NF,  plasma  treated  sample  is  similar  to  that  of  SF^  treated  sample  after  the 
following  RTA/wet  clean  treatment.  Compared  to  figure  6,  decrease  of  Rc  with  RTA  treat¬ 
ment  may  result  from  the  recovery  of  modified  silicon  surface. 

CONCLUSIONS 

Using  XFS  analysis,  it  is  confirmed  that  SFj  or  NF,  plasma  treatment  after  RIE  induces  the 
decrease  of  carbon  and  fluorine  contents  and  increase  of  silicon  content  on  etched  Si  surface. 
This  means  that  SF^  or  NF,  plasma  treatment  is  effective  to  remove  the  rt  .due  layer  on  the 
reactive  ion  etched  silicon.  During  the  RTA/wet  treatment  after  SFj  or  NF,  plasma  treatment, 
fluorine  in  residue  layer  evaporates  due  to  the  thermal  decomposition  but  carbon  remains  on 
silicon  surface.  This  induces  the  formation  of  C-C/H.  Therefore,  after  RTA/wet  clean  treat¬ 
ment,  fluorine  is  not  detected  on  the  silicon  surface.  SIMS  results  show  that  penetrated  impu¬ 
rities  in  the  contaminated  silicon  substrate  reduce  through  the  additional  RTA  treatment,  it 
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can  be  explained  by  the  out-dif!usion  of  fluorine.  And  Rc  of  1.2  x  1.2  um’  contact  hole  de¬ 
creases  and  barrier  height  of  PtSi/n-type  Si  schottky  diode  increases  after  the  RT A/wet  clean 
treatment.  The  decrease  of  Rc  and  increase  of  barrier  height  with  RTA  treatment  may  be  re¬ 
sulted  from  the  removal  of  the  residue  layer  on  the  silicon  and  the  recovery  of  contaminated 
silicon  layer.  These  results  indicate  that  RTA  after  SF^  or  NF,  plasma  exposure  is  an  effective 
method  to  recover  of  reactive  ion  etched  silicon. 

REFERENCES 

1.  A.  S.  Yapsir,  G.  Fortune- Wiltshire,  J.  P.  Gambino,  R.  H.  Kastle,  and  C.  C.  Parks,  J.  Vac. 
Sci.  Technol.,  A8, 2939  (1990) 

2.  S.  J.  Fonash,  Solid  State  Technology,  29, 201  (1985) 

3.  J.  M.  Heddleson,  M.  W.  Horn,  and  S.  J.  Fonash,  J.  Vac.  Technol.,  B6, 280  (1988) 

4.  J.  P.  Gambino,  G.  S.  Oehrlein,  M.  D.  Morrkowski,  J.  F.  Shepard,  and  C.  C.  Parks,  J.  Elec- 
trochem.  Soc.,  vol.  137, 976  (1990) 

5.  G.  S.  Oehrlein,  G.  J.  Scilla,  and  S.  J.  Jeng,  Appl.  Phys.  Lett.,  52(1 1),  907  (1988) 

6.  H.-H.  Park  and  K.-H.  Kwon,  et  al.,presented  at  the  1993  MRS  Spring  Meeting,  San 
Francisco,  CA,  1993  (in  press) 

7.  S.  M.  Sze,  Semiconductor  Devices  Physics  and  Technology  (John  Wiley  &  Sons,  New 
York,  1985),  p.  167 

8.  Edwards  S.  Yang,  Fundamentals  of  Semiconductor  Devices  (McGraw-Hill  Book  Co.,  New 
York,  1978),  p.  128 


486 


REACTIYE-ION-ETCHING  OF  lOtom  LINEWIDTH  TUNGSTEN  FEATURES  USING 
SF<:H2  AND  A  Cr-LIFTOFF  MASK 


LORETTA  M.  SHTREY'.  KELLY  W.  FOSTER2  WILLIAM  CHU»  (ONT  POSTDOCTORAL 
FELLOW),  JOHN  KOSAKOWSKI^.  KEE  WOO  RHEE^  CHARLES  EDDY,  JR .4,  DOEWON 
PARK*,  I.  PETER  ISAACSON*,  DANIEL  MCCARTHY*,  CHRISTIE  R.  K.  MARRIAN*. 
MARTIN  C.  PECKERAR5  AND  ELIZABETH  A.  DOBISZS 

*Naval  Research  Laboratory,  Nanoelectronics  Processing  Facility,  Code  6804, 4SSS  Overlook 
Ave.  SW,  Washington,  DC  20375 

^Applied  Research  Corporation,  8201  Corporate  Drive,  Suite  1120,  Landover,  MD  2078S 
^SFA,  Inc.,  1401  McCormick  Drive,  Lan^ver,  MD  ^85 

^Naval  Research  Laboratory,  Code  6675, 4555  Overlook  Ave.  SW,  Washington,  DC  20375 
^Naval  Research  Laboratory,  Code  6860, 4555  Overlook  Ave.  SW,  Washington,  DC  20375 


ABSTRACT 

Reactive  ion  etching  of  features  down  to  100  tun  in  linewidth  in  tungsten  has  been 
studied  using  an  SF6  based  chemistry.  The  studies  were  carried  out  in  a  PlasmaTherm  500  etcher 
operated  at  low  pressure  (2  mTorr)  and  power  (100  mWatts/cm^).  Key  processing  parameters 
have  been  identified  to  achieve  the  resolution  and  aspect  ratio  r^uirod  for  high  contrast  x-ray 
masks.  The  critical  parameters  include  sample  temperature,  gas  dilution  and  end  point  detection. 
However,  even  with  all  of  these  parameters  opdmiaMl,  additional  sidewall  passivation  is  required 
to  obtain  the  necessary  6.5:1  aspect  ratio.  A  novel  method  of  achieving  such  pass!  ation  based 
on  an  intermittent  etching  process  is  described. 


INTRODUCTION 

Tungsten  etching  is  of  interest  for  a  number  of  applications  including  the  subtractive 
patterning  of  absorbers  on  x-ray  lithography  masks.  To  achieve  a  high  resolution,  high  contrast 
x-ray  mask  for  synchrotron  x-ray  lithography,  high  aspect  ratios  are  required  in  thick  (300-700 
nm)  W  absorbers  for  100  nm  feature  sizes.  As  a  result  anisotropy  and  undercutting  are  the  key 
process  factors  which  must  be  controlled.  The  important  processing  parameters  for  W  etching 
have  been  studied  and  optimized.  These  include  sample  temperature,  gas  mixture,  etch  time  and 
sidewall  passivation. 


EXPERIMENTAL 

Patterning 

Samples  consist  of  silicon  wafers  with  a  650  nm  thick  layer  of  low-stress  W  film  grown 
over  a  20  nm  thick  Q:  Elm  etch-stop  layer  [1].  For  sub-micron  features,  the  wafers  are  ^in 
coated  with  poly-methyl-methacrylate  (PMMA),  a  positive  e-beam  resist,  and  patterned  in  a 
JEOL  JBXSDn  e-beam  writer  at  50  keV  [2].  The  e-beam  patterns  written  in  PMMA  consist  of 
arrays  of  dots  or  lines  with  sizes  ranging  ^m  5  pm  down  to  a  minimum  width  of  100  nm.  After 
development  of  the  PMMA,  65  nm  of  Cr  is  deposited  onto  the  sample  in  an  e-beam  evaporator, 
and  the  etch  mask  pattern  is  defined  by  lift-off  in  acetone. 


Etching 

A  PlasmaTherm  500  reactive-ion-etching  (RIE)  system  is  used  for  dry  etching  of  the 
tungsten  layer  with  etch  chemistry  based  on  SFg.  A  parameter  space  study  was  done  varying  the 
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substrate  temperature,  the  total  power  to  the  sample,  the  SFg  flow  rate,  combinations  of  gases 
(H2.  CHF3,  C^,  He,  or  N2  added  to  the  SF^).  etching  termination  time  and  continuity  of  run. 

Diirag  etching  the  substrate  is  backside-cooled,  usiu  a  recirculating  chiller  capable  of 
maintaining  a  sample  temperature  between  30**  and  -2S‘’C.  Samples  are  warmed  to  room 
temperature  before  venting  the  system.  The  vacuum  base  pressure  is  -5x10'^  Torr,  and  the 
system  is  operated  at  2  mTorr  during  the  etching  process.  The  2  mTorr  pressure  is  the  minimum 
pressure  that  can  sustain  a  plasma  dischar^  in  this  system.  It  is  a  lower  pressure  than  that  used 
to  standard  RIE  etching  arid  was  expected  to  give  higher  anisotropy  [3].  Total  power  density  is 
maintained  at  100  mW/cm^  during  the  etching  process,  resulting  in  a  sample  bias  of  ~8S  V  (not 
independendy  controUabk  in  this  RIE  system). 


A  HeNe  (k  =  633  nm)  laser  monitors  changes  in  the  surface  reflectivity  of  the  sample 
surface  and  aids  in  determining  the  point  at  which  the  W  is  completely  etched  away  and  the  Cr 
etch  stop  layer  has  been  reached  [4].  In  addition  to  the  laser  monitoring  system,  several  other 
tests  ate  used  to  evaluate  the  extent  of  the  etching.  A  Tencor  Alpha-Step  Profilometer  u  used  to 
measure  the  depth  of  the  step  in  the  etched  features  (this  indues  the  thickness  of  the  (>  etch 
mask  layer  on  top),  and  a  Leica  360  FESEM  is  used  to  assess  whether  the  W  is  completely 
removed.  The  W  residue  has  a  grasslike  appearance,  whereas  the  O  etch  stop  layer  is  easily 
distinguished  because  of  its  smooth,  flat  surface. 

The  samples  ate  viewed  at  a  --90°  tilt  in  the  SEM  to  measure  the  features  and  examine  the 
shape  of  the  etched  edges  in  cross-secdon.  Pmcent  undercutting  is  determined  from  the  SEM  by 
comparing  the  width  of  the  etched  tungsten  feature  with  the  width  of  the  Cr  mask  feature. 


RESULTS 

« 

SFa  is  an  effective  and  moderately  fast  etching  gas  for  W.  The  etch  rate  in  this  system 
with  5  seem  SF^  is  >1000A/min.  SF6  selecdvity  of  W  over  Si  (and  many  w-ra;^  mask  membrane 
materials)  and  e-beam  resists,  however,  is  poor.  Furthermore,  the  W  etching  is  not  anisotropic, 
resulting  in  severe  undercutting  even  at  the  2  mTorr  qierating  pressure.  The  addition  of  the  Cr 
etch-stop  layer  between  the  W  and  the  Si  substrate  eliminated  the  problem  of  selectivity  over  Si. 
Cr  is  not  etched  at  all  with  the  SFa,  which  is  also  the  reason  Cr  is  used  as  the  etch  mask  instead 
of  an  e-beam  resist  The  anisotropy  of  the  process  is  gready  improved  by  cooling  die  substrate  to 
low  temperatures  (<-20°Q  while  etching  [5].  The  effect  of  sample  temperature  on  undercutting 
is  shown  by  comparing  fig.  la.  and  fig.  Id.  Qearly  the  lowest  temperature  decreases  the  amount 
of  undercutting  and  improves  the  anisotropy. 

To  further  reduce  the  degree  of  un^rcutting,  other  gases  were  added  to  the  SF^  and  the 
etched  features  were  evaluated.  The  most  effective  combination  is  a  4:1  mixture  of  SF6dl2.  The 
effect  of  adding  H2  to  the  SFg  is  shown  by  comparison  of  fig.  lb  (SF^,  no  H2)  to  flg.  Id  (20%  H2 
in  SFg).  The  sidewall  undercutting  was  further  reduced  by  accurate  endpoint  detection.  With 
laser  monitoring,  the  etch  stop  point  can  be  controlled.  Figs.  Ic  &  Id  show  a  comparison  of 
features  after  overetching  (Ic)  and  etch  termination  at  the  O’  etch  stop  layer  (Id).  This  is  shown 
graphically  in  fig.  2. 

Using  the  above  optimized  process,  230  nm  linewidtb  features  can  be  etched  with  only  a 
moderate  amount  of  undercutting  (28%  dimension  loss).  However,  the  undercutting  can  be 
almost  eliminated  by  etching  intermittently  in  5  minute  etch  intervals.  Between  intervals  the 
sample  is  warmed  to  room  temperature  and  the  system  is  vented.  Fig.  3  compares  tiie  results  of 
intermittent  and  non-intermittent  etching.  With  an  intermittent  etching  process,  100  nm 
linewidth  features  with  a  6.5:1  aspect  ratio  and  straight,  vertical  sidewalls  can  be  repnroducibly 
etched  into  W  (Rg.  4). 
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(a) 


(b) 


Fig.  1  SEM  microgtsphs  show  250  nm  patterned  lines  etched  in  W,  using  SF(  +  H2  and  sample 
temperature  -20  to  -2S°C  (except  as  noted):  a)  15°Sample  temperature  b)  SFe  with  no 
H2  added  c)  etch«l  beyond  termintation  point  d)  laser  terminate 
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(a) 


(b) 


Hg.  3  SEM  micrograph  demonstrating  a)  intennittent  vs.  b)  non-inteimittent  W  etching 
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I 


Fig.  4  SEM  micrograph  showing  100  nm 
lines  etched  in  W  using  optimal 
etching  conditions. 


DISCUSSION 

The  ciidcal  parameters  for  etching  straight  sidewalls  in  W  are  low  substrate  temperature, 
gas  mixture  to  SFg.  endpoint  detection  and  intermittent  etching.  The  reduced  undmutting 
achieved  by  low  subsuate  temperatures  confirms  the  wtnk  repcr^  by  C  Jurgensen,  et  aL  [5]. 
The  addition  of  Ha  is  very  important  to  reduce  the  undercutting.  Similar  results  were  not 
obtained  by  ank^g  CHF3  cn  Hte  to  the  SF6.  It  appears  that  die  Ha  either  passivates  the  sidewalls 
or  combines  with  fluorine  radicals  in  the  etching  gas. 

Experimental  results  show  that  profile  undercut  predominantly  occurs  after  the  W  has 
been  etched  away  and  the  Cr  etch-stop  layer  reach^.  Based  upon  these  experimental 
observations  we  have  developed  a  phenomenological  model  which  explains  the  undercutting 
effect  The  model  assumes  that  ions  are  incident  normal  to  the  substrate  (consistent  with  the  low 
pressure  and  power  2  mTorr  and  1(X)  mW/cm^,  respectively)  and  that  these  ions  can  be  re¬ 
emitted  from  the  substrate.  As  the  etching  progresses  and  the  W  is  consumed,  eventually  the  Or 
etch-stop  layer  is  reached.  Since  the  F  ions  do  not  etch  the  Cr,  there  exists  a  large  concentration 
of  F  ions  at  Ae  Cr  interface.  This  concentration  gradient  causes  a  re-emission  of  these  F  ions 

from  the  surface.  Computer  simulations  of  this  re-emission  effect  assume  a  cos^  angular 


Fig.  S  Schematic  diagram  (left)  of  computer  model  which  explains  the  effect  of  endpoint 
termination  on  the  undercutting.  Computer  simulated  cross-section  profile  (right)  of 
feature  etched  33%  beyond  time  em^xrint  was  reached 
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distribution  for  the  le-emitted  ions  and  an  exponentially  decaying  (finxn  the  Or  surface)  density 
function.  The  ou^ut  of  the  computer  modeling,  as  shown  in  Ing.  S,  agrees  qualitatively  with  the 
etch  pro^  evolumm  that  has  bera  observed  expmimentally. 

The  best  sidewall  profile  was  obtained  by  intermittently  exposing  the  sample  to  air. 
Similar  results  could  not  te  obtained  by  intermittendy  exposing  the  sample  to  O2  or  N2.  It  is 
likely  that  water  vapor  plays  an  imptutant  role  in  the  si^w^  passivation. 


CONCLUSION 

It  has  been  shown  that  100  nm  linewidths  can  be  anisotn^cally  etched  630  nm  deep  in 
W,  with  small  amount  of  lateral  undercutting  in  the  W  feature  sidewalls.  The  anisotropy  is 
optimized  by  a  combinadon  of  cooling  the  sample  to  -2S‘’C,  diluting  the  SFs  gas  with  H2  (4:1) 
and  intermittent  etching.  None  of  the  above  elements  of  this  technique,  when  used  alone,  was 
sufficient  to  achieve  100  nm  linewidths  with  straight  sidewalls  and  no  dimension  loss.  A 
passivation  method  in  which  the  sample  was  intermittently  exposed  to  air  was  demonstrated 
here.  Cr  is  an  effective  etch  mask  and  etch  stop  layer  because  of  the  selectivity  of  SF6  for  W. 
Even  with  the  Cc  etch  stop  layer,  however,  it  is  critical  to  terminate  the  etching  at  the  end^xiinL 
This  is  necessary  to  prevent  the  increased  W  sidewall  etching  occurring  near  the  W/Cr  interface 
resulting  Aom  re-emission  of  F  radical  ions  from  the  (>  si^ace.  A  model  was  develt^ped  to 
explain  the  process.  A  simple  laser  reflectometry  technique  has  been  demonstrated  to  be 
effective  for  the  endpoint  detection  necessary  for  accurate  termination. 


ACKNOWLEDGMENTS 

This  work  was  supported  by  ARPA  under  the  Advanced  Lithography  Program. 


REFERENCES 

1.  Y.C.  Ku,  L.-P.  Ng,  R.  Carpenter,  K.  Lu,  H.I.  Smith,  L.E.  Haas  and  I.  Plotnik,  J.  Vac.  Sci. 
Technol.  B,  9(6),  3297  (1991). 

2.  K.W.  Rhee,  A.C.  Ting,  L.M.  Shirey,  K.W.  Foster,  J.M.  Andrews,  M.C.  Peckerar  and  Y.C. 
Ku,  J.  Vac  Sci.  Technol.  B,  9(6),  3292  (1991). 

3.  L.  Peters,  Semiconductor  International,  May,  66  (1992). 

4.  W.  Chu,  K.W.  Foster,  L.M.  Shirey,  K.W.  Rhee,  J.  Kosakowski,  P.  Isaacson,  D.  McC^arthy, 
C.R.  Eddy,  Jr. ,  E.A.  Dobisz,  C.R.K.  Martian  and  M.C.  Peckerar,  (submitted  to  Appl.  Phys. 
Lett.) 

5.  C.W.  Jurgensen,  R.R.  Kola,  A.E.  Novembre,  W.W.  Tai,  J.  Frackoviak,  L.E.  Trimble  and 
G.K.  CeUer,  J.  Vac.  Sci.  Technol.  B,  9(6),  3280  (1991). 


492 


A  NEW  ENVnONMENTALLY  STABIE  POSITIVE  TONE  CHEMICALLY  AMPUHED  RESIST 

SYSTEM  KRS 


WU-SONG  HUANG*.  RANEE  KWONG*,  AHMAD  KATNANl*.  MAHOUD  KHOJASTEH*  and 
KIM  Y.  LEE** 

*  IBM  Mkroelectronics  Division,  Hopewell  Junction,  New  York  I2S33 

••  IBM  SRDC,  TJ.  Watson  Research  Center,  Yorktown  Hi^ts,  New  York  I0S98 


ABSTRACT 

It  is  known  that  one  of  the  main  shortcomings  of  chemically  amplified  resist  systems  is  their  sensitivity 
to  airborne  base  contaminants.  The  contaminants  cause  unpredictable  linewidth  variations  deeming  the 
re^  incompatible  with  manufacturing.  Besides  other  issues,  this  drawback  has  greatly  contributed  to  the 
stow  introduction  of  DUV  into  manufacturing  and  discouraged  most  semiconductor  manufactures  fiom 
including  DUV  in  their  strategic  plans.  In  this  paper,  we  present  a  new  positive  tone  chemically 
amplified  photoresist  system  which  is  resilient  to  airborrte  base  contaminants  and  it  shows  stable 
linewidth  for  more  than  24  hours  delay  between  exposure  and  development.  This  resist  has  hi^ 
sensitivity  (17-18  mj/cm*),  high  contrast  (7),  high  resolution  (0.35  um  with  X=  248  run  arjd  NA  =  0.37) 
and  targe  process  latitude  in  deep-UV  lithography.  Tbis  resist  also  exhibits  high  resolution  (0. 1  um  in 
0.3S  um  thick  resist)  in  E-heam  lithography  at  a  sensitivity  of  about  10  uC/cm^.  Both  lithographic 
systems  (deep-UV  arul  E-beam)  yield  nearly  vertical  profiles  in  the  resist  images. 


INTRODUCTION 

The  fabrication  of  microelectronic  devices  has  been  advanced  to  submicron  lithography.  Thousands  of 
devices  ate  manufactured  with  several  millions  of  tian.nstors  integrated  within  a  single  chip.  This  would 
not  have  happened  without  the  advancement  in  the  microlithography  area.  Right  now,  with  the 
availability  of  high  NA  Mine  tools,  0.4  micron  resist  image  can  be  constantly  produced  with  relatively 
large  process  latitude.  However,  the  uhimate  resolution  limh  is  mainly  governed  by  the  wavelength  of 
the  exposure  li^t.  Therefore,  DUV  (248  nm)  exposure  systems  should  be  capable  of  printing  smaller 
dimension  (less  than  0.3Sum)  as  compared  to  Mine  (365  nm)  system.  Despite  this  simple  fact,  most 
manufacturers  in  the  semiconductor  industry  ate  still  reluctant  to  adopt  Deep-UV  system  due  to  many 
reasons,  among  them  the  lack  of  market  availability  of  environmentally  stable  resist.  The  environmental 
stability  problem  is  not  significant  for  the  conventior  J  diazonaphthoquinone  resbt  systems.  It  manifests 
itself  for  chemical  amplified  resist  systems'.  The  'chemical  iimplification'  mechanism  involves  an  acid 
generation  during  exposure  and  a  themud  catalytical  re.'vtion  during  post  exposure  bake.  Several  of  these 
type  of  resist  systems  based  on  tert-butoxycarbonyl  (t-BOC)  protection  on  phenol  functionality  have 
b^  reported.'^’  Besides  t-BOC  system,  the  acetal  groups  and  t-butyl  carboxylic  ester  groups  were  also 
investigated  in  the  chemically  amfdifted  positive  tone  re^  systemr.*~'  The  advantages  of  chemically 
amplified  resist  systems  are  high  sensitivity,  high  contrast  and  high  resolution.  Most  of  these  resist 
systems  also  have  large  development  latHu^,  i.e.  the  development  time  can  be  changed  from  100*/*  to 
300V*  beyond  end  point  without  significant  change  in  the  linewidth  (LW)  of  the  renst  image.  However, 
this  type  of  resist  system  suffers  fiom  dramatic  linewidth  variation  mainly  caused  by  airborne  base 
contaminantr.*  Actu^,  many  other  factors  besides  airborne  base  contaminants  affect  linewidth  control, 
e.g.  acid  diffiisivity,  acid  volatility  and  strong  acid  induced  crosslinking  etc.  To  solve  this  problem,  many 
approaches  have  been  adopted  or  suggested,  e.g.  af^lying  a  protective  top  layer,  installing  an  air 
fiction  system  or  using  a  photoacid  generator  which  generites  weaker  acid.  These  approaches  only 
reduce  the  effect  and  do  not  solve  the  fimdamental  problem.  In  this  paper  we  present  a  resist  system, 
referred  to  as  KRS,  based  on  totally  new  approach.  We  designed  a  system  which  has  extremely  high 
reaction  rate.  Therefore,  the  chemical  ampfefication  occurs  right  after  exposure  at  room  temperature 
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dimiiiatiiic  the  need  for  poet  ezpoture  beke  (PEB)  and  the  ^fects  of  eiaoctated  deiaya.  Since  the 
protecting  group  is  acid  labile  at  room  temperature,  the  effect  of  the  leaist  sensitivity  to  air  bom  base 
contaminants  is  significantly  minimized.  This  resist  system  has  demonstrated  good  lithographic 
performance  in  E-beam  and  deep-UV  exposures. 


RESIST  COMPOSmON 

KRS  resist  uses  poiyhydroxystyrene  (PIIS)  as  base  resin.  This  makes  the  resist  compatible  with 
deep-UV  requirements:  low  absorption  at  248  nm  wavelength  and  high  Tg  A  etch  resistant  to  O,.  The 
dissolution  inhibttkni  of  KRS  resist  is  achieved  by  attaching  an  acid  labile  group  to  the  phenol  functional 
site.  This  protecting  group  is  extremely  acid  labile  thtis  giving  the  resist  a  tremendous  advantage  over 
other  chemicatly  amplified  resists  with  regard  to  PEB  and  environmental  stabilities.  In  most  of  the 
reported  literatures,  onium  salts  appear  to  show  some  negative  tone  behavior  in  the  photoproce&r.’*-" 
Onium  salts  are  oommonly  categorized  as  ionk  acid  generators  which  include  diaryl  iodonium  salts, 
triarylsuUbniura  salts  and  the  like.  For  various  reason,  most  of  the  current  efforts  in  deep-UV  positive 
tone  system  are  shifting  to  nonionic  photoacid  generators.  One  common  observation  is  tlut  the 
environmental  stability  of  the  resist  is  improved  by  using  these  nonionic  acid  generators,  especially  those 
that  generate  weaker  sulfonic  acids.  However,  the  choice  of  photoacid  generator  appears  to  have 
insigriificant  or  no  effect  on  the  lithographic  performance  of  KRS  resist.  In  addition,  the  enviroiunental 
stability  of  KRS  resist  is  independent  of  the  acid  generator  used.  The  formulation  used  in  this  study 
contains  triphenylsulfonium  triflate  acid  generator  and  propylene  glycol  monomethyl  ether  acetate 
solvent. 


PROCESS  CONDITIONS 

The  resist  sensitivity  and  linewidth  of  most  chemically  amptilied  resist  systems  are  very  sensitive  to  PAB 
and  PEB  temperature.  Therefore,  precise  temperature  control  of  the  hot  plate  is  of  utmost  importance 
for  a  stable  and  reproducible  process.  As  mentioned  earlier,  KRS  resist  system  exhibits  a  la^  bake 
latitude  rendering  the  need  for  high  precision  hot  plates  as  unnece-ssary.  In  addition,  KRS  exhibits  a  large 
develop  time  latitude.  Overall,  these  attributes  of  KRS  do  not  put  required  stringent  conditions  on  the 
process  line.  The  process  conditions  for  DUV  and  E-beam  applications  are  listed  in  Table  1. 


RESUI,TS  AND  DISCUSSION 


Table  I.  Process  description  for  Deep-UV  and  E-beam 
exposure  systems. 


The  chemical  amplification  process  usually 
involves  the  breaking  of  a  chemical  bond, 
mainly  C-O-C  linkage  to  regenerate  cither 
phenol  or  carboxylic  acid.  Ihe  detached 
species  ate  usually  volatile  liquids  or  ga.scs. 

When  these  materials  escape  from  the 
exposed  area,  it  causes  film  shrinkage.  If  the 
film  shrinkage  is  too  large,  a  complicate 
adverse  situation  may  occur,  e.g.  diCBcuhy  in 
lirKwidth  control  and  stress  related 
mechanical  failures.  Pure  t-BOC  system  has 
film  shrinkage  around  30V*  and  the 
commercially  available  CAMP-6  system  has 
film  shrink^  around  15-20%.  The  film 
shrinkage  of  Ihe  exposed  area  of  KRS  is 

around  7  to  10%  depending  on  the  amount  of  protecting  group  incorporated  in  the  resist  system.  In 
E-beam  process,  the  shrinkage  is  even  less  due  to  hitter  PAB.  Therefore,  we  do  not  believe  foe  amount 
of  film  shrinkage  here  wiD  cause  any  foreseeable  problems  in  the  manufacture  process. 


DUV 

E-beam 

Primtng 

HMDS 

HMDS 

Underlayer 

ARC  if  required 

- 

PAS 

10t«:72  min. 

11(^03  min. 

Exposure 

Canon  0.37  NA 
17-20  mj/cm* 

EL-3  E-beam  SO  keV 
9-12  uOern* 

PEB 

not  required 

- 

Oewetop 

aiANIbraOs 

0.14  N  for  eo  s 

484 


Deq»-UV  Lithography  (osaxpcbuRf  develop  delay  test 

To  prove  the  resilience  to  airborne 
base  contaminants,  KRS  was  treated 
side  by  side  with  T-BOC  system  with 
I -methyl- 2-pyrrolidinone  (NMP)  vapor 
exposure  before  Deep-UV  radiation  and 
then  each  resist  was  processed  with  its 
own  typical  procedure.  While  T-BOC 
system  failed  to  resolve  images  after  45 
second  of  NMP  exposure,  KRS 
maintained  the  same  linewidth  even 
after  2SS  second  of  NMP  exposure. 

The  linewidth  is  also  remarkably 
stable  against  delays  between  exposure 
and  develop.  KRS  can  maintain  -t-  /- 
10%  linewidth  after  18  hours  delay,  see 
Piguie  1.  Even  when  PEB  is 
introduced  the  linewidth  was  found  to 
exhibit  the  same  stability,  i.e.  no  change 
in  linewidth  even  after  more  than  24 
hours  delay.  This  is  ten  times  better 
than  a  good  t-BOC  system,  which 
usually  can  stand  one  to  two  hours 
PER  delay  depending  on  the 
environmental  condition.  Figure  1.  Scanning  electron  micrographs  of  KRS  resist 

images  for  30  minute  and  18  hour  delays  between 
Figure  2  depicts  a  plot  of  normalized  exposure  and  development 

film  thickness  as  a  function  of  delivered  dose,  showing  a  contrast  of  around  7.  The  contrast  is  due  to 
actual  change  in  dissolution  rate  of  bulk  material  upon  exposure  and  not  to  the  formations  of  surface 
skin  as  commonly  observed  for  the  diaxonaphthoquinone  system.  As  shown  in  Figure  3,  the  end  point 
detection  measurement  on  the  unexposed  resist  exhibits  a  much  fa.ster  di.ssolution  rale  on  the  surface  than 
the  bulk  material.  A  plot  of  the  dissolution  rate  vs.  depth  of  the  film  is  .shown  in  Figure  4. 


Figure  2.  A  contrast  curve  for  KRS  resist.  Figure  3.  Output  of  the  laser  end-point  detection  system 

for  KRS  resist. 
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The  lithographic  performaiioe  of  KRS, 
resembles  that  of  T-BOC  type  resist.  It 
has  dose  latitude  greater  than  28%  for  0.4 
um  images  usiiig  0.37  NA  Caiwn(TM) 
exciroer  laser  steppes.  The  focus  latitude 
is  about  1.8  to  2.4  um  at  this  image  size. 
The  resolution  of  KRS  (0.3S  um)  is  better 
than  or  comparaUe  to  T-BOC  system, 
with  a  K  factor  of  0.32.  The  relationship 
between  resist  image  and  mask  dimension 
is  linear  down  to  0.33  um.  The  size  of  the 
0.33  um  is  slightly  off  due  to  the 
limitation  of  the  0.37  NA  tool.  The  dose 
latitude  for  0.33  um  is  between  13  and 
20%,  which  is  slightly  lower  than  the 
required  -«-/■  lOV*  dose  latitude.  Ihe 
sensitivity  of  the  resiat  is  around  18  mj.  It 
swings  between  14  mj  and  22  mj 
depending  on  the  resist  thickness. 


Figure  4.  A  plot  of  dissolution  rate  vs.  film  depth 
(distance  from  surface),  derived  from  Figure  3. 


E-beam  Lithography 


Most  of  DUV  resist  systems  can  be 
extended  to  E-beam  applications.  KRS 
has  been  exposed  with  B-beam  radiation 
at  different  accelerating  voltages.  KRS 
resist  system  combines  the  advantage  of 
chemically  amplified  and  conventional 
resist.  As  mentioned  earlier,  it  exhibits 
high  contrast  and  sensitivity  and  at  the 
same  time  can  be  processed  without  PF.B. 
Figure  3  shows  a  plot  of  LW  vs.  dose 
obtained  from  exposures  with  F.L-.3 
F.-beam  system  at  50  KeV.  KRS  exhibits 
a  large  dose  latitude  which  is  required  for 
E-beam  exposures  to  accommodate  errors 
resulting  from  proximity  correction. 

Although  the  resist  sensitivity  can  be 
tuned,  the  sensitivity  of  current 
formulation  is  in  the  range  of  8-12 
uC/cm’.  High  resolution  imaging  has 
been  demon.strated  repeatedly’’. 
Resolution  down  to  0.1  um  has  been 
demonstrated  in  0.3  um  thick  film  as 
shown  in  Figure  6. 


KRS  for  E-beam 


EL-SOSMIW 


uavas  iL«»  tsoss  i^js  iaa.3> 


Figure  3.  Exposure  latitude  of  different  features  imaged 
in  KRS  with  EL-3  E-beam  system  at  50  KeV. 


496 


Other  Lithographic  System 

Although  KRS  has  been 
nudnly  fonnulated  for  DUV 
and  E-beam,  it 
demonstrated  reasonable 
lithographic  performance 
when  exposed  to  other 
sources  of  radiations. 

Sensitivity  to  I-line 

exposures  has  been 

achieved  by  incorporating 
an  I-line  sensitive  photoacid 
generator.  Preliminary 
lithographic  results  are  very 
promising  and  demonstrate 
the  potential  applicability  of 
KRS  to  I-lim  -stems.  I'igure  6.  Scanning  electron  micrographs  of  0.1  um  feature  printed  in 

KRS  using  E-beam  at  50  KeV. 

The  DUV  formulation  was  found  to  be  sensitive  to  X-ray  radiation  from  a  compact  sytKhrotron 
radiation  ring  source.  Initial  evaluations  performed  at  the  IBM  facility  demon.strated  that  KRS  exhibits 
hi^  contrast  and  requites  a  dose  about  lOOmj/crrp  upon  X-ray  exposures.  Finally,  KRS  is  expected  to 
be  sensitive  to  ion  beam  radiation,  however  no  woilc  has  been  done  in  this  area. 

Nevertheless,  further  work  would  be  required  to  optimize  the  performance  of  the  resist  for  the  above 
lithographic  systems. 


CONCLUSION 

We  have  presented  a  new  resist  system  based  on  a  novel  approach  to  address  the  inherent  problem 
with  commercial  DUV  resists.  The  resist  exhibits  sensitivity  to  dilTcrcnt  type  of  radiation,  among  them 
DUV,  E-beam  end  X-ray.  I  ligh  resolution  imaging  with  large  process  latitudes  have  been  demonstrated 
with  KRS  resist  in  DUV  and  E-bcam  lithography. 
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